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Substantial part of the emissions of nitrous oxide (N2O), a powerful greenhouse gas, to the 
atmosphere comes from the incomplete denitrification in bacteria. N2O can only be detoxified by 
nitrous oxide reductase (N2OR), which catalyzes the last step of this pathway. This enzyme 
contains two distinct centers per monomer: CuA, the electron transfer center and “CuZ”, a 
tetranuclear copper-sulfide center, which can exists in two forms CuZ(4Cu2S) and CuZ*(4Cu1S). 
Most of the studies on the denitrification pathway have used soil denitrifying bacteria as models, 
while marine bacteria are understudied. This thesis presents an analysis of denitrification pathway 
of Marinobacter hydrocarbonoclasticus a marine bacterium capable of respiring nitrate under 
oxygen-limiting conditions. Here, the effect of pH (6.5, 7.5 and 8.5) on the denitrification pathway 
of this organism, as well as on the N2OR isolated from each of those growths, was investigated. 
These enzymes were characterized through biochemical, spectroscopic and structural studies. 
The expression profile of genes encoding the enzymes and accessory proteins involved in 
denitrification was analyzed, together with quantification of the by-products, nitrate and nitrite. 
These results showed lower levels of nirS expression at pH 6.5, which correlates with the 
accumulation of nitrite detected. In parallel, whole-cells reduction rates of NO and N2O 
demonstrated that denitrification is impaired at more acidic conditions, as the whole-cells are not 
able to reduce external N2O when grown at pH 6.5. 
The N2OR isolated from each growth exhibits differences at the “CuZ center”. At acidic growth 
conditions, N2OR has “CuZ center” mainly as CuZ*(4Cu1S), whereas when isolated from growths 
at 7.5 and 8.5, it is mainly as CuZ(4Cu2S). This was supported by spectroscopic data, sulfide 
quantification, and inspection of “CuZ center” X-ray structure, demonstrating the presence of an 
additional sulfur atom in the CuZ(4Cu2S) form. The effect of exogenous ligands on both forms of 
the “CuZ center” was re-visited and clarified. 
Direct electrochemistry of N2OR is reported for the first time, with the two signals observed, 
assigned to CuA and CuZ(4Cu2S) centers, with reduction potentials being in line with the ones 
determined by potentiometry (272 ± 10 mV and 65 ± 10 mV vs SHE at pH 7.6, respectively). This 
form of N2OR has lower specific activity (0.004 ± 0.001 U/mg) in the presence of physiological 
electron donor, cytochrome c552, compared to a N2OR with CuZ*(4Cu1S) (1.25 ± 0.07 U/mg). 
Fully reduced CuZ*(4Cu1S) is catalytically competent and in the presence of a stoichiometric 
amount of N2O originates CuZº intermediate. CuZº species can be reduced through intramolecular 
electron transference (IET) from CuA center, in a reaction 10
4 
faster than IET in the CuZ*(4Cu1S). 
In the absence of substrate or electrons a novel “CuZ center” intermediate species is formed with a 




] oxidation state. These studies 
shed new lights on the catalytic cycle, which was reassessed and discussed here. 
Keywords: Marinobacter hydrocarbonoclasticus, denitrification, nitrous oxide reductase, “CuZ 
































Uma parte substancial das emissões de óxido nitroso (N2O), um potente gás causador de efeito de 
estufa advém da incompleta desnitrificação em bactérias. O N2O só pode ser biologicamente 
reduzido por acção da reductase do óxido nitroso (N2OR), que cataliza a última etapa desta via. 
Esta enzima contém dois centros distintos por monómero: CuA, o centro de transferência de 
electrões e o “CuZ”, um centro tetranuclear de cobre-enxofre, que pode existir em duas formas 
CuZ(4Cu2S) e CuZ*(4Cu1S). 
Na maioria dos estudos existentes referentes à via da desnitrificação, foram utilizadas bactérias 
desnitrificantes do solo como modelos, enquanto em bactérias marinhas esta via foi parcamente 
estudada. Nesta tese é apresentada uma análise da via da desnitrificação de Marinobacter 
hydrocarbonoclasticus, uma bactéria marinha capaz de respirar nitrato em condições limitantes de 
oxigénio. Aqui, o efeito do pH (6.5, 7.5 e 8.5) na via da desnitrificação deste organismo, assim 
como na enzima isolada a partir de cada um desses crescimentos, foi investigado. Estas enzimas 
foram caracterizadas por estudos bioquímicos, espectroscópicos e estruturais. 
O perfil de expressão dos genes que codificam para as enzimas e proteínas auxiliares envolvidas na 
desnitrificação foi analisada, em conjunto com a quantificação dos seus subprodutos, nitrato e 
nitrito. Estes resultados mostraram baixos níveis de expressão de nirS a pH 6.5, que está 
correlacionado com a acumulação de nitrito detectada. Em paralelo, a taxa de redução de NO e 
N2O pelas células-inteiras demonstrou que a desnitrificação é comprometida em condições mais 
acídicas, uma vez que quando crescidas a pH 6.5 as células não são capazes de reduzir o N2O 
externo. 
O “centro CuZ” da N2OR isolada de cada crescimento é diferente. Em condições de crescimento 
acídicas, a N2OR tem o “centro CuZ” maioritariamente como CuZ*(4Cu1S), enquanto quando 
isolada a partir de crescimentos a pH 7.5 e 8.5, está maioritariamente como CuZ(4Cu2S). Estes 
resultados foram sustentados por dados espectroscópicos, quantificações de sulfureto e inspecção 
do “centro CuZ” por estrutura de raios-X, demonstrando a presença de um átomo de enxofre 
adicional na forma CuZ(4Cu2S). O efeito de ligandos exógenos a ambas as formas do 
“centro CuZ” foi revisitado e clarificado. 
A electroquímica da N2OR é reportada pela primeira vez, com os dois sinais observados, atribuídos 
aos centros CuA e CuZ(4Cu2S), com potenciais de redução em linha com os determinados por 
potenciometria (272 ± 10 mV e 65 ± 10 mV vs SHE a pH 7.6, respectivamente). Esta forma da 
N2OR tem baixa actividade específica (0.004 ± 0.001 U/mg) na presença do dador de electrões 
fisiológico, citocromo c552, em comparação à N2OR com CuZ*(4Cu1S) (1.25 ± 0.07 U/mg). 
A forma do CuZ*(4Cu1S) totalmente reduzida é cataliticamente competente e na presença de uma 
quantidade estequiométrica de N2O origina o intermediário CuZº. A espécie CuZº pode ser 
reduzida por transferência de electrões intramolecular prevenientes do centro CuA, reduzido por 
ascorbato de sódio, numa reacção 10
4 
vezes mais rápida que a transferência de electrões 
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intramolecular no CuZ*(4Cu1S). Na ausência de substrato ou electrões uma nova espécie 






Estes estudos elucidam o ciclo catalítico, que foi discutido e reavaliado. 
Palavras-chave: Marinobacter hydrocarbonoclasticus, desnitrificação, reductase do óxido nitroso, 
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Figure 1.1 - The biogeochemical nitrogen cycle. Each pathway is identified in a different color by 
arrows as follow: denitrification (blue), nitrogen fixation (grey), nitrification (green), assimilatory 
(violet) and dissimilatory (red) nitrate reduction to ammonium and anaerobic ammonium oxidation 
(orange). The black arrow represents the incorporation of ammonium into organic N-compounds. 
The enzymes involved in each step of the cycle are identified. The oxidation state of nitrogen 
atoms is indicated in brackets. ............................................................................................................ 3 
Figure 1.2  - Schematic representation of denitrification enzymes in 
Marinobacter hydrocarbonoclasticus. The membrane-bound nitrate reductase (NarGHI) and nitric 
oxide reductase (NorBC), as well as the periplasmic cytochrome cd1 nitrite reductase (cd1NiR) and 
the nitrous oxide reductase (N2OR) are shown. The reactions trigger a proton gradient across the 
membrane, creating a positive potential outside of the inner membrane. The electrons for each 
reaction come from the quinone pool, which are replenished with inorganic electron donors or 
organic carbon. NDH and SDH are the NADH dehydrogenase and succinate dehydrogenase, 
respectively. Cyt is the abbreviation used for cytochrome and Moco for the molybdenum cofactor. 
IM and OM are the inner and outer membranes, respectively. Nitrate and nitrite type of 
transportation across the membrane is envisaged to be performed through NarK homologues. ....... 7 
Figure 1.3 - Gene regulation of the denitrification pathway in response to nitrate/nitrite, low O2 
and nitric oxide. The regulatory network is based on the current knowledge of regulation of 
denitrification from P. aeruginosa, P. denitrificans, P. stutzeri and B. japonicum. Positive 
regulation is indicated by solid arrows and indirect regulation is indicated by dashed arrows. 
Adapted from 
47
. ................................................................................................................................. 9 
Figure 1.4 - Organization of nos gene clusters of selected genomes of Gram-negative (α-,β-,γ- and 
ɛ-subdivision) and Gram-positive bacteria representing the two clades. PA – gene encoding a 
pseudoazurin, Az - gene encoding an azurin, TM - transmembrane protein, C - protein containing 
either a c-type heme motif (CXXCH) or a CXXC motif, FeS-protein contain a Fe-S motif, dnr - 
dissimilative nitrate respiration regulator, tat - twin-arginine translocation. Undesignated genes are 
represented in white. ........................................................................................................................ 12 
Figure 1.5 - Comparison of primary sequence alignment of N2ORs from clade I and clade II. Clade 
I N2OR is from γ-proteobacteria Pseudomonas stutzeri A1501 (Ps) and clade II N2OR is from 
ɛ-proteobacteria Wolinella succinogenes (Ws). TAT- and Sec-motifs are underlined and the start of 
mature protein is identified with a square. Clade I and clade II CuZ binding motifs are highlighted 
on black filled rectangles. The c-type heme binding motif is highlighted in bold. Vertical lines, 
colons or stops below the sequence indicate matches, high conservation or conservation of the 
residues, respectively. ...................................................................................................................... 13 
Figure 1.6 - Model of N2OR biogenesis in P. stutzeri. Apo-NosZ as a dimer is exported to the 
periplasm by Tat translocon. The copper may enter to the periplasm by a transporter not encoded 
by the nos operon and also possibly through NosA. ScoP and NosL are putatively involved in the 
copper assembly. Sulfur is putatively provided by NosDFY. NosX is involved in the biosynthesis 
of NosR flavin center. NosR is essential to N2OR activity and may provide electrons. Each protein 
is labeled with its name, molecular mass and cluster. IM and OM are the inner and outer 
membranes respectively. Adapted from 
20
. ...................................................................................... 15 
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Figure 1.7 - Structure of M. hydrocarbonoclasticus N2OR. The surface is colored according to the 
subunit. One monomer is represented in blue and the other in green, with the C-terminal dark 
colored and the N-terminal light colored. The copper atoms are represented as dark blue spheres 
and the sulfur atoms are represented as yellow spheres. The calcium ions in the dimer are 
evidenced as grey small spheres, being the two Ca
2+
 of the monomer labeled. The distance between 
CuA center and “CuZ centers” is represented. Figure was prepared with DS visualizer 4.5 using 
PDB ID: 1QNI. ................................................................................................................................. 17 
Figure 1.8 - Structures of CuA center of N2OR. Representation of the CuA center of (A) 
P. denitrificans N2OR and (B) P. stutzeri N2OR. In Panel B, H583 does not coordinate CuA1 atom. 
The copper atoms are represented as blue dark spheres and numbered 1-2. Figure was prepared 
with DS visualizer 4.5 using PDB ID: 1FWX (A) and 3SBP (B). The residues were numbered 
according to the primary sequence of N2OR in each microorganism. ............................................. 20 
Figure 1.9 - Structures of the “CuZ center” of N2OR. (A) Representation of the CuZ*(4Cu1S) 
from P. denitrificans N2OR with the first and second coordination sphere residues. This form 
contains one sulfur atom named S1 and one oxygen atom (from either a hydroxide or a water 
molecule) at the CuI-CuIV edge. (B) Representation of the “CuZ center” as CuZ(4Cu2S) from 
P. stutzeri N2OR with first and second coordination sphere residues. This form contains two sulfur 
atoms named S1 and S2. The copper atoms are represented as dark blue spheres and numbered I-IV. 
The residues are numbered according to the primary sequence of each N2OR. Figure was prepared 
with DS visualizer 4.5 using PDB ID: 1FWX (A) and 3SBP (B). ................................................... 23 
Figure 1.10 - Substrate binding mode in N2OR. (A) The N2O was modeled in the CuI-CuIV edge in 
a µ-1,3-bridging mode. The N2O binding site was proposed for A. cycloclastes N2OR structure, 
based on DFT calculations and spectroscopic features of the “CuZ center” as CuZ*(4Cu1S), in the 
[4Cu
1+
] oxidation state. (B) The N2O molecule is located between CuA and “CuZ” centers. 





state, were pressurized with N2O. The surface at the dimer interface, as well as the relevant residues 
involved in the substrate binding mode are represented and colored according to the monomer by 
green and blue. The N2O atoms are colored according to the element. The residues are numbered 
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Figure 2.1 - Kinetic traces of N2O and NO reduction assay by whole-cells, using methyl viologen 
as electron donor. In the assays, 40 µL of M. hydrocarbonoclasticus cell suspension (in a total 
volume of 1 mL) were added to a solution containing 100 µM (in the case of N2O assay) or 
120 µM (in the case of NO assay) of reduced methyl viologen in 100 mM Tris-HCl pH 7.6, 
followed by addition of (A) 1.25 mM N2O-saturated water or (B) 9.6 µM NO-saturated water. The 
arrows indicate the addition point of cells and substrates. ............................................................... 42 
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of incubation time with reduced MV as electron donor. N2OR (70 nM) from 
M. hydrocarbonoclasticus was incubated in the presence of 100 μM MV and 50 μM sodium 
dithionite in 100 mM Tris-HCl pH 7.6. Each reaction was initiated by the addition of 1.25 mM 
N2O-saturated water and followed at 600 nm. ................................................................................. 53 
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Figure 3.1 - Arrangement of denitrification genes in the genomic region 3087251-3163109 of 
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reductase (nir), nitric oxide reductase (nor) and nitrous oxide reductase (nos) clusters are colored in 
orange, green, red and purple, respectively. The catalytic subunit of each cluster is light colored. 
Unidentified genes are white colored and the dnr and nnrS regulator genes are colored in dark grey. 
The number below each gene is the MARHY gene identification. Our own in silico analysis 
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Figure 3.3 - M. hydrocarbonoclasticus growth curves in serum flasks under microaerobic 
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Figure 4.4 - Visible spectra of M. hydrocarbonoclasticus N2OR with 20 % of “CuZ center” as 




] state, (dashed line) and dialyzed against 
50 mM CHES pH 9.7, after 14 h (dotted line) and after 24 h (solid line).  (B) Potassium 
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Figure 4.8 – Stereo representation of Ca
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residues in the vicinity are identified by a grey box. CuA ligands are highlighted in dark blue and 
the residues coordinating the rotated histidine by a dark blue box. Residues postulated to be part of 
the intermolecular electron transfer are highlighted in red, and those of the intramolecular electron 
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Eisenberg hydrophobicity (the most hydrophobic residues are colored in red) in the structure of 
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Figure 4.12 – Difference electron density maps for the “CuZ center” in a sample with 90 % of 
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are the observed and calculated structure factors, respectively. Difference electron density maps 
were generated by Fast Fourier Transform (CCP4: Supported program) and the figures were 
prepared with Pymol. ..................................................................................................................... 119 
Figure 4.13 – Potentiometric redox titration of N2OR, with 15 % of “CuZ center” as 
CuZ*(4Cu1S), performed at pH 7.6. The CuA (diamonds) and the CuZ(4Cu2S) (circles) centers 
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absorbance was monitored in the reductive (filled symbols) and oxidative (open symbols) titration. 
The titration of each center was fitted to one-electron process using the Nernst equation, with a 
Em,7.6 = + 272 ± 10 mV (vs SHE) for CuA center and a Em,7.6  = + 65 ± 10 mV (vs SHE) for 
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Figure 4.14 – pH dependence of the reduction potentials of CuA center at 20 °C. The 
potentiometric redox titrations were followed by visible spectroscopy at 480 nm in a N2OR sample 
with 50 % of “CuZ center” as CuZ*(4Cu1S). Data obtained were fit (solid line) by a linear 
regression: y = - 54.2x + 652.8, R
2
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Figure 4.15 – pH dependence of the reduction potential of N2OR, with 15 % of “CuZ center” as 
CuZ*(4Cu1S). Potentiometric redox titrations were performed at 20 °C followed by visible 
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oxidative titration performed at pH 6.5 fits better for two electrons, most likely this is an artifact 
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Figure 4.17 – Cyclic voltammograms of 200 µM of N2OR with 60 % of “CuZ center” as 
CuZ*(4Cu1S), immobilized onto a MWCNTs layer coated on a glassy carbon electrode, in 
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“CuZ center” as CuZ*(4Cu1S), immobilized onto a MWCNTs layer coated on a glassy carbon 
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showed a linear dependence, with linear regressions: y = 0.13x + 0.17, R
2
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Figure 4.20 – Differential pulse voltammograms (tp = 100 ms) of different forms of N2OR 
immobilized onto a MWCNTs layer coated on a glassy carbon electrode, in 100 mM potassium 
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II (open symbols) of different forms of N2OR observed by cyclic voltammetry at 20 mV s
-1
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Figure 4.22 – Electrocatalytic peak current of activated N2OR with 60 % of “CuZ center” as 
CuZ*(4Cu1S), in 100 mM potassium phosphate buffer pH 7.0. Different amounts of N2O-saturated 
water were added to the electrolyte in a final concentration between 0 and 1.4 mM. Data were fitted 
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to Michaelis-Menten equation, using Km of 32 ± 9 μM and icatmax of 2.7 ± 0.2 µA. Inset: cyclic 
voltammograms of activated N2OR in the absence of substrate (dashed line) and in the presence of 
0.45 mM of water-saturated N2O (solid line) obtained at the scan rate of 20 mV s
-1
. ................... 132 
Figure 4.23 – Cyclic voltammograms of cytochrome c552 with as-isolated N2OR with 60 % of 
“CuZ center” as CuZ*(4Cu1S), in 100 mM potassium phosphate buffer at pH 7.0, obtained at 
10 mV s
-1
. The voltammograms of cytochrome c552 (140 µM) in the presence of an equimolar ratio 
of N2OR (solid line) and upon addition of 2 mM N2O (dashed line) are presented. The arrow 
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Figure 4.24  – Scheme for N2OR mediated catalysis: cytochrome c552 is reduced by the gold 
electrode and rapidly oxidized by electron transfer to N2OR, which in turn is re-oxidized by 
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Figure 5.1 – Reduction of 16.5 µM N2OR, with 80 % of “CuZ center” as CuZ*(4Cu1S), in the 
presence of 7.5 mM (~ 400 equivalents) sodium ascorbate. (A) Visible spectra during the reduction 
of oxidized N2OR, by sodium ascorbate. Representation of spectra acquired every 1 min. The 
arrow represents the direction of the spectral changes at 482 nm and the asterisk represents the 
absorbance at 653 nm. (B) Time dependence of reduction of CuA center (red) at 482 nm and 
CuZ*(4Cu1S) (blue) at 653 nm. The absorbance was normalized and fitted (solid dashed line) 
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Figure 5.2 – Reduction of 17 µM N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S) in the 
presence of 7.5 mM (~ 400 equivalents) sodium ascorbate. (A) Visible spectra during reduction of 
oxidized N2OR, in the presence of sodium ascorbate, collected during 800 s. Representation of 
spectra acquired with 1 min intervals. The arrows indicate the direction of the changes in the 
spectra at 485 nm (dark blue), 550 nm (purple) and 785 nm (light blue). (B) Time dependence of 
reduction of CuA center (dark blue) and CuZ(4Cu2S) (purple). The absorbance was normalized 











= 0.914. Normalized absorbance at 482 nm and 785 nm are fitted with similar parameters.
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Figure 5.3 – Normalized time dependence of reduction of CuA center of 20 µM N2OR with 60 % 
of “CuZ center” as CuZ*(4Cu1S) in the presence of 0.5 mM sodium ascorbate (dark blue) and in 
the presence of 5 µM DAD and 0.5 mM sodium ascorbate (light blue). Absorbance was determined 






















= 0.995, when 5 µM DAD was added to the experiment. ............................... 143 
Figure 5.4 – CuZº formation and decay, obtained from 20 µM fully reduced N2OR, with 60 % of 
“CuZ center” as CuZ*(4Cu1S), after reaction with 30.5 µM N2O. (A) Visible spectra of CuZº 
decay (solid bold arrow) and formation of a new species at 617 nm (dashed arrow) during 2500 s of 
the reaction. The arrows indicate the direction of spectral changes. (B) Normalize time dependence 
at 683 nm (filled diamonds) and at 617 nm (open circles). The data were fitted (dashed black line) 
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Figure 5.5 – Changes at the maximum absorption band of “CuZ center” after formation of CuZ° 
(reaction of 22 µM N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), with 24 µM N2O). (A) 
Variation of the maximum wavelength (610 – 690 nm) over 2500 s reaction. (B) Plot of the 
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maximum absorption observed in the visible spectra over 2500 s reaction. These values 
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1.1 Overview of the biogeochemical nitrogen cycle  
Nitrogen is essential to all organisms as a component of numerous biomolecules, such as nucleic 
acids, amino acids, proteins and many additional cofactors 
1
. Despite being the most frequent 
element in atmosphere (~ 78 %), as dinitrogen (N2), its bioavailability is limited since N2 is a stable 
and inert molecule containing a triple bond that requires a catalyst to overcome its large activation 
energy barrier 
2, 3
. In fact, the N-containing compounds can be interconverted by enzymes and 
nitrogen can exist in nature in different oxidation states, ranging from + 5 to - 3. These reactions 
are mostly mediated by prokaryotes in six biological processes that constitute the biogeochemical 
N-cycle (Figure 1.1): nitrogen fixation, nitrification, denitrification, assimilatory nitrate reduction 
to ammonium (also known as assimilatory ammonification), dissimilatory nitrate reduction to 














Figure 1.1 - The biogeochemical nitrogen cycle. Each pathway is identified in a different color by arrows as 
follow: denitrification (blue), nitrogen fixation (grey), nitrification (green), assimilatory (violet) and 
dissimilatory (red) nitrate reduction to ammonium and anaerobic ammonium oxidation (orange). The black 
arrow represents the incorporation of ammonium into organic N-compounds. The enzymes involved in each 
step of the cycle are identified. The oxidation state of nitrogen atoms is indicated in brackets.  
 
The biological nitrogen fixation into ammonium is an anaerobic process catalyzed by nitrogenase, 
carried out by free-living or symbiotic bacteria and archaea 
3, 4
 (Figure 1.1-grey arrow). Though, 
most organisms cannot fixate N2, the nitrogen element is incorporated into biomolecules through 
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ammonium or indirectly through assimilatory ammonification, which occurs in prokaryotes and 
also in plants 
5
. While ammonium can be incorporated into glutamine or glutamate, which are used 
as N-donors for the synthesis of other amino acids and heterocyclic N-compounds 
4-6
, the 
assimilatory ammonification involves nitrate reduction via nitrite to ammonium in two consecutive 
reactions, catalyzed by assimilatory nitrate reductase and siroheme-dependent nitrite reductase, 
respectively, which accepts electrons from NAD(P)H 
7, 8
 (Figure 1.1- violet arrows).  
On the other hand, ammonium can be oxidized into nitrate by autotrophic and heterotrophic 
microorganisms in an aerobic biological process called nitrification 
5, 9
 (Figure 1.1- green arrows). 
In this pathway, the ammonium is first oxidized to hydroxylamine, in a reaction catalyzed by 
ammonium monooxygenase, and then oxidized via nitrite to nitrate, in a two reactions process 
involving the enzymes hydroxylamine oxidase and nitrite oxidase, respectively. Both nitrite
 
and 
nitrate generated can be reduced through two biological processes that are energy conserving, 
denitrification or DNRA, that occur in oxygen depleted environments or under low oxygen 
tensions. In the denitrification pathway, nitrate is reduced to dinitrogen in a four sequential 
enzymatic step process (Figure 1.1- blue arrows) (Section 1.2), while in the DNRA pathway the 
nitrite is directly reduced to ammonium in a reaction catalyzed by a multi-c-type heme containing 
nitrite reductase, that accepts electrons from the quinone pool 
10
 (Figure 1.1- red arrows). 
The pathway most recently considered as part of the N-cycle is called Anammox, whereas several 
microorganisms, known as planctomycetes, have the ability to oxidize ammonium
 
coupled with 
nitrite reduction to generate nitrogen 
11, 12
 (Figure 1.1- orange arrows). In this reaction ammonium 
is oxidized by nitric oxide (NO) to hydrazine, in a reaction catalyzed by hydrazine hydrolase, 
which is subsequently oxidized to dinitrogen through hydrazine oxidase 
13
. 
Over the last century, an unbalance of N-cycle has been detected by the increasing emissions of its 
by-products to the atmosphere, particularly nitric oxide and nitrous oxide (N2O), whose emissions 
cause severe environmental impacts. 
Anthropogenic emissions of nitrous oxide to the atmosphere are one of the main environmental 




. Direct emissions from the soils and human activities, such as 
burning of biomass, human sewage, wastewater treatment and fossil fuel combustion and industrial 
processes have been contributing to this increase 
3, 16
.  
N2O is a potent greenhouse gas that has a global warming impact 300-fold higher than CO2 and a 
long half-life in atmosphere, estimated to be 120 years 
14, 17
. Its removal from the stratosphere 
occurs through photodissociation, generating nitrogen oxides (NOx) compounds capable of 
reacting with ozone, causing its depletion 
14, 15
. The exponential increase of N2O in the atmosphere 
and its implication on the climate change (together with CO2 and CH4) have led to the development 
of potential strategies to mitigate emissions, especially those produced by prokaryotes in soils, 
thereby stabilizing the N2O concentration in the atmosphere 
3, 17-19
. As a matter of fact, about 60 % 
of N2O emissions arise from soils through the nitrification and denitrification processes, partially 
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due to the increasing use of fertilizers, while its biological reduction is performed by nitrous oxide 
reductase (N2OR), the last enzyme of the denitrification pathway 
3, 14, 20
 (Figure 1.1). This pathway 




1.2 Denitrification pathway 
When complete, the bacterial denitrification is a four enzymatic step pathway consisting on the 
dissimilatory reduction of inorganic nitrate via nitrite to nitric oxide and nitrous oxide gases and 
then to the stable dinitrogen gas 
21
. Each reaction is catalyzed by a different metalloenzyme, nitrate 
reductase (NaR), nitrite reductase (NiR), nitric oxide reductase (NOR) and N2OR, respectively 
(Figure 1.2, Table 1.1). In fact, for each reaction more than one type of metalloenzyme can co-exist 
in a microorganism, as suggested by the genome analysis of some microorganisms 
22
, or as the case 
of Paracoccus pantotrophus in which both periplasmic and respiratory nitrate reductases were 
proved to co-exist 
23
. The denitrification enzymes, containing molybdenum, heme and non-heme 
iron or copper in their active site, are involved in a conservative energy process with reduction of 
metabolites linked with the generation of a proton electrochemical gradient across the inner 


















Respiratory nitrate reductase (NaR) narG 
25
 









→ NO + H2O 
Nitrite reductase cytochrome cd1 (cd1NiR) nirS 
27
 
Copper nitrite reductase (CuNiR) nirK 
28
 














→ N2O + H2O 
Cytochrome c nitric oxide reductase (c-NOR) c-norB 
31
 












 → N2 + H2O 
Nitrous oxide reductase (N2OR) nosZ 
35
 
Cytochrome c nitrous oxide reductase (cN2OR) 






 This is a hexameric nitrite reductase isolated from Hyphomicrobium denitrificans that contains an 
additional N-terminal cupredoxin domain. 
b
 The gene coding for this enzyme has been identified at the 
genome level and it is proposed to present an additional C-terminal class I c-type cytochrome domain. 
c 
Also 
known as norZ. N.n. -Not named. 
 
Nitrate reduction is catalyzed by molybdenum-dependent enzymes, respiratory nitrate reductase 
(NaR), which is a membrane-bound complex composed by three subunits NarG, NarH and NarI, or 
periplasmic nitrate reductase (NaP). Typical narGHJI operon encodes NaR proteins, being NarJ 
required for the assembly of molybdenum and iron-sulfur cofactors into NarGH, located in the 
cytoplasm, but anchored to NarI, and also for NarI insertion into the inner membrane 
37, 38
 (Figure 
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1.2). Moreover, NarGHI is a heterotrimeric enzyme containing 8 redox centers that accept electrons 
from menaquinol or ubiquinol (a reaction coupled with proton translocation to the periplasm) via 
the 2 b-type hemes of NarI subunit. An electron transfer relay from NarI hemes cofactors to the 
active site of NarG subunit is made through five iron-sulfur centers, involving [3Fe-4S] and 
3 [4Fe-4S] centers of NarH and the [4Fe-4S] center of NarG. Then, the electrons are transferred to 
the molybdopterin-guanine-dinucleotide active site, where nitrate reduction occurs 
37, 39
.  
In turn, nap operons show higher variability between them, but usually comprise the napEDABC 
genes, with napA encoding the catalytic subunit containing a molybdopterin active site and an 
iron-sulfur center 
40
. NaP enzymes have been isolated as monomeric or as heterodimeric enzymes 
40, 41
. In the heterodimeric NaP enzymes, the electron transfer to the NapA is through a second 
subunit, NapB, containing a [4Fe-4S] center 
37
. 
The periplasmic respiratory nitrite reductase have been isolated with two distinct metals in its 
active site, with copper centers identified in CuNiR and heme cofactors are characteristic of cd1NiR 
42
. Both types of NiR are located in the periplasm and contain a redox electron transfer center, that 
are able to accept electrons from small electron shuttle proteins, and a catalytic center 
42
. CuNiR is 
a homotrimeric enzyme containing a Type 1 Cu center in each monomer, as the electron transfer 
center, and a Type 2 Cu center located at the monomers interface, which is the catalytic center 
29
. 
CuNiR is encoded by nirK and does not require obligatory ancillary genes, although in some 
organisms it is proceed by nirV 
43
, that may have a role in copper insertion. Recently, two new 
classes of CuNiR, containing a third domain, emerged: T1Cu_CuNiR and cytc_CuNiR. The 
T1Cu_CuNiR comprises an additional N-terminal domain with Type 1 Cu center, which was first 
observed in the structure of CuNiR isolated from Hyphomicrobium denitrificans 
29
. The three 
domain cytc_CuNiR was first isolated from Ralstonia Pickettii, in which was identified two copper 




cd1NiR, encoded by nirS gene, is a homodimeric enzyme comprising one c-type and one d1-type 
hemes, the electron transfer and the catalytic centers, respectively 
42, 45
 (Figure 1.2). cd1NiR operon 
is quite different from CuNiR, as nirFDLGHJE genes are required for the biosynthesis and 
insertion of d1-type heme of cd1NiR 
46
.  
Three types of heterodimer membrane-bound NOR were identified, c-NOR, q-NOR and CuANOR, 
being distinguished by their architecture and electron donor, in which c-type cytochrome, quinone 
pool and membrane-bound c-type cytochrome are the respective donors 
47
. The c-NOR, encoded by 
the norCBQD operon, has two subunits, one anchored to the membrane, NorC, and another 
embedded in the inner membrane, NorB. Electrons from small electron carriers are transferred to 
the c-type heme and then transferred via the low–spin b-type heme to the binuclear catalytic center, 
containing another b-type heme and a non-heme iron 
48
 (Figure 1.2). On the other hand, q-NOR, 
encoded by q-norB gene, is a single subunit containing two b-type hemes and a non-heme iron, 
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similar to the NorB subunit found in c-NOR, but with an extended N-terminal domain possibly 
involved in quinol oxidation 
33
. The CuANOR contains, beside the centers typically found in the 
others NORs, a binuclear CuA center. This type of NOR, isolated from Bacillus azotoformans, 
previously reported to be qCuA-NOR 
49
, was recently shown to lack menaquinol activity, being in 
fact able to accept electrons from the endogenous cytochrome c551 through its CuA center 
34, 50
. 
The enzyme N2OR catalyzes the last step of denitrification pathway and so far, two types were 
isolated, N2OR and cN2OR, which contains an additional c-type heme domain. N2OR is a 
multicopper enzyme containing two copper centers: CuA center and “CuZ center”. This protein is 
the major subject of this thesis and the known N2OR properties will be discuss in the next Sections. 
 
 
Figure 1.2  - Schematic representation of denitrification enzymes in Marinobacter hydrocarbonoclasticus. 
The membrane-bound nitrate reductase (NarGHI) and nitric oxide reductase (NorBC), as well as the 
periplasmic cytochrome cd1 nitrite reductase (cd1NiR) and the nitrous oxide reductase (N2OR) are shown. 
The reactions trigger a proton gradient across the membrane, creating a positive potential outside of the inner 
membrane. The electrons for each reaction come from the quinone pool, which are replenished with 
inorganic electron donors or organic carbon. NDH and SDH are the NADH dehydrogenase and succinate 
dehydrogenase, respectively. Cyt is the abbreviation used for cytochrome and Moco for the molybdenum 
cofactor. IM and OM are the inner and outer membranes, respectively. Nitrate and nitrite type of 
transportation across the membrane is envisaged to be performed through NarK homologues. 
 
Although the denitrification pathway has been identified in bacteria and most of the studies were 
performed in Gram-negative denitrifiers isolated from soils, there are evidences that some fungi 
51, 
52
 and archaea may also denitrify, though not completely 
20
. The denitrification by these organisms 
will be worth to investigate, as well as denitrification by bacteria from other niches as aquatic 
ΔΨ+
ΔΨ-
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systems. Part of this thesis focuses on the denitrification pathway of M. hydrocarbonoclasticus, a 
marine bacteria, used here as a denitrifying model organism of aquatic systems (Figure 1.2). 
M. hydrocarbonoclasticus 617, formerly classified as Pseudomonas nautica 617 
53, 54
, is a 
Gram-negative bacteria of γ-subdivision, isolated from the Mediterranean seawater 
55
. This 
moderately halophilic bacterium requires sodium to grow, uses a wide range of carbon sources and 
is not only able to respire oxygen, but also nitrate, citrate, succinate or acetate, under microaerobic 
or anaerobic conditions from pH 6 to 9.5. 
A schematic representation of the enzymes, as well as the physiological electron donors involved in 
the denitrification pathway of this species is presented in Figure 1.2. In this microorganism, the 
nitrate reduction occurs in the cytoplasm by NaR, being the nitrite directed to the periplasm 
possibly through NarK homologue transporters. Catalysis of nitrite to nitric oxide, followed by 
nitrous oxide and then by dinitrogen is ensured in this organism by cd1NiR, c-NOR and N2OR, 
respectively, which receive electrons from cytochrome c552 to perform the catalysis. 
 
1.2.1 Regulation of denitrification pathway 
The incomplete denitrification or the slower rate of denitrification, has been observed in some 
denitrifiers that lack the nos genes involved in the biosynthesis of N2OR, or encode an inactive 
form of N2OR, and in the presence of nitrate or nitrite release N2O to the atmosphere. Indeed, being 
N2OR a copper-dependent enzyme, a significant accumulation of N2O gas is observed when the 
copper availability is limited 
56, 57
, and also under certain environmental conditions as low pH 
58, 59
.  
This incomplete denitrification pathway is still used for energy conservation, as N2O has not been 
shown to cause inhibition of any of the enzymes of this pathway and is not involved in its 
regulation, contrary to nitric oxide, a potent cytotoxic and major regulatory molecule of this 
pathway, as will be described 
47, 60, 61
. Besides NO, other molecules are listed as signal regulators of 
denitrification, such as oxygen, nitrate, nitrite and cell redox changes 
47, 60
. The current knowledge 
on the regulation of denitrification is based on model organisms which can be found on soils, such 
as Pseudomonas stutzeri, Pseudomonas aeruginosa and Paracoccus denitrificans but the regulation 
of this pathway in other microorganisms as Bradyrhizobium japonicum associated to plants, have 
also been extensively explored and thus an overview of these mechanisms will be discussed below 









Figure 1.3 - Gene regulation of the denitrification pathway in response to nitrate/nitrite, low O2 and nitric 
oxide. The regulatory network is based on the current knowledge of regulation of denitrification from 
P. aeruginosa, P. denitrificans, P. stutzeri and B. japonicum. Positive regulation is indicated by solid arrows 




Under oxygen-limiting conditions, many bacteria have the ability to switch respiration and use 
another available electron acceptor. In many of these organisms the switching to anaerobic 
metabolism is under the control of fumarate-nitrate reduction regulator (FNR), a protein containing 
an iron-sulfur oxygen sensitive cluster, which is the signal sensing domain, an RNA polymerase 
contact site, an α-helical domain postulated to be involved in dimerization and a DNA binding 
domain that recognizes TTGATN4ATCAA motifs (called FNR binding box) 
63, 64
. In its activate 
form, FNR (or its orthologous, ANR in P. aeruginosa or FnrP in P. denitrificans), is a dimeric 
protein containing a [4Fe-4S]
2+
 cluster per protomer able to recognize the specific DNA regions, of 
the FNR-regulated promoters. FNR becomes inactivate by oxygen exposure in which the 
[4Fe-4S]
2+




, leading to 
dissociation of the dimer into monomeric units 
65, 66
. Prolonged exposure to oxygen lead to the 
inactive apo-FNR form that can be reactivated by incorporation of [4Fe-4S]
2+
 cluster under proper 
oxygen conditions 
65, 66






























P. aerugionosa P. denitrificans
P. stutzeri B. japonicum
NirI
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threshold leads to the nitrosylation of [4Fe-4S] cluster and consequently down-regulation of genes 
whose promoters are under the activation of FNR 
67, 68
.  
In others microorganisms, as B. japonicum and Sinorhizobium meliloti, a different type of oxygen 
sensor, named FixL, is involved in the regulation of denitrification (Figure 1.3). FixL is a sensor 
kinase containing three domains, an ATPase, a kinase and a PAS domain, being PAS the oxygen 
sensing domain through a heme bound group 
62
. In response to anoxic conditions FixL 
phosphorylates FixJ, which is able to activate FixK protein that in turn, activates the denitrification 
genes and other genes involved in the response to low O2 
47, 62
. Therefore, under low oxygen 
tensions, FNR or FixLJ proteins can activate the expression of nar and nap operons. 
Besides the low oxygen tension required for nar cluster expression, these genes in some organisms 
are induced by nitrate or nitrite, through the regulatory systems NarXL or NarR. The two 
component systems NarXL (or their orthologous NarQP) have been identified in γ- and 
β-proteobacteria, as activators of the nar and nap operons 
69, 70
. NarX is a histidine sensor kinase 
that in contact with nitrate or nitrite phosphorylates NarL, which in turn activates the nar 
transcription by recognition of a motif in its promoter. NarR, a FNR/CRP family member identified 
in α-proteobacteria, controls the expression of NaR and the nitrate transport system (NarK) in the 
case of P. pantotrophus, however its mechanism of action is still speculative 
71, 72
. 
Several transcriptional regulators respond to NO, such as nitrite and nitric oxide reductase regulator 
(NnrR or NNR), dissimilatory nitrate respiration regulator (DNR), NorR and NsrR. NNR and DNR 
are also CRP/FNR family members but lack the N-terminal cysteines required for [4Fe-4S] center 
formation and therefore a different sensing mechanism has been evidenced 
73-75
. Indeed, these are 
heme-dependent proteins that in response to NO are postulated to trigger a response through the 




NorR also responds to NO, being first evidenced in Rasltonia eutropha as capable of activating the 
norB gene through a σ
 
factor dependent norAB promotor 
76
. On the other hand, NsrR is a repressive 
regulator of the nir and nor operons that is inactivated in the presence of NO 
47, 77
. 
The multidomain proteins NirI (under the control of NNR in P. denitrificans) and NosR, both 
containing a flavin domain and motifs for the binding of two [4Fe-4S] centers, are also regulators 
of the denitrification, since they are required for the transcription of nirS and nosZ genes, 
respectively 
78, 79
. However, the signal that triggers its response is unknown. 
The genes of denitrification are also under the control of redox sensors that respond to the 
alteration of the redox state of the cell 
60, 62
, however the mechanisms involved are still poorly 
understood and will not be discuss in here.  
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1.3 Biogenesis of nitrous oxide reductase 
1.3.1 The nos operon  
N2OR is encoded by nosZ, that is usually included in the nos gene cluster, that comprises several 
other genes encoding proteins required for expression and maturation of N2OR, and are also 
proposed to sustain a catalytic competent state of N2OR in vivo 
79-82
. These genes, highly conserved 
in the majority of the denitrifying bacteria, are arranged usually as nosRZDFYL in three 
transcriptional units, as the case of P. stutzeri, P. denitrificans and S. meliloti 
80, 83, 84
 or as a single 
transcriptional unit, as proposed to be the case in P. aeruginosa 
61
.  
In some proteobacteria, the cluster nosRZDFYL can be preceded or followed by nosX gene, 
although the mechanisms involved in the cluster regulation are complex and variable between 
species (Figure 1.4) 
20, 21, 47, 60
.  
In P. denitrificans, a paralogue gene of nosX termed nirX, was identified in a distinct gene cluster 
and mutational studies of those genes showed that nosZ transcription is unaffected in a double 
nosXnirX mutant, however only this double mutant is defective in N2O reduction 
81, 85
, as NosX is 




This nos cluster organization is typical in bacteria that expresses a Z-type N2OR (now called clade I 
N2OR) that was first isolated from Alcaligenes faecalis in 1972 
87
. However, the requirement of 
copper in the N2O respiration was only identified 8 years later, in A. faecalis cultures 
88
. Since then, 
clade I N2OR has been isolated and characterized from different α-, β- and γ-proteobacteria as 
periplasmic proteins (Figure 1.4) 
89-97
.  
The ε-proteobacteria Wolinella succinogenes was reported to express an “atypical” N2OR 
(classified now as a clade II N2OR), containing an additional c-type heme domain at the C-terminal 
that has been proposed to function as an electron donor 
36, 98
. The primary sequences of clade II 
N2ORs share low identity (˂ 50 %) with those of clade I N2ORs 
99, 100
.  
Although, to date there has not been any report of the isolation of a N2OR from Gram-positive 
bacteria, this enzyme is likely to be membrane-associated (in accordance with the bioinformatics 
analysis of its primary sequence) 
22
, being its atypical nos gene cluster commonly arranged as 
nosCZ-ORF-nosDYF-ORF (Figure 1.4) 
22, 60, 101
. In fact, clade II nos clusters consistently exhibit a 
gene upstream nosZ, which encodes a transmembrane protein, and are frequently associated with 
c- and b-type cytochromes, as well as iron-sulfur proteins 
100
. The different cluster arrangement, as 
well as the lacking of nosR and nosX genes in clade II 
100
, reported as essential to maintain the 
activity of clade I N2ORs 
79, 81, 85
, pin pointed to the hypothesis of an alternative electron transfer 
route via menaquinol in these enzymes 
36
. Most of the current knowledge on the clade II N2OR is 
based on genome analysis and therefore this overview will focus mainly on clade I N2ORs, which 
is also the main subject of this thesis.  




Figure 1.4 - Organization of nos gene clusters of selected genomes of Gram-negative (α-,β-,γ- and 
ɛ-subdivision) and Gram-positive bacteria representing the two clades. PA – gene encoding a pseudoazurin, 
Az - gene encoding an azurin, TM - transmembrane protein, C - protein containing either a c-type heme motif 
(CXXCH) or a CXXC motif, FeS-protein contain a Fe-S motif, dnr - dissimilative nitrate respiration 
regulator, tat - twin-arginine translocation. Undesignated genes are represented in white. 
 
1.3.2 Protein export and maturation 
Bacterial Tat (Twin arginine translocation) and Sec (the general Secretion) systems are responsible 
for exporting Nos proteins to the membrane or to the periplasm. NosR, NosD, and NosL are 
probably translocated by the Sec system, as they contain a signal peptide for this system 
20, 79, 80
. In 
contrast, both, NosX and NosZ have a N-terminal signal peptide with a consensus motif, containing 
two consecutive arginine residues -(S/T)RRxFLK-, that is recognized by the Tat machinery, which 
comprises the proteins TatA, TatB, TatC and TatE, being TatA and TatE homologous proteins 
102, 
103
. In fact, the Zumft group reported that in the P. stutzeri tatC mutant, N2OR is unable to be 
exported to the periplasm leading to the isolation of an apo-form of the enzyme 
104
. Unlike most 
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exported to the periplasm as a folded apo-protein, where the assembly process of CuA and “CuZ” 
centers, takes place 
80, 102
. Clade I NosZ proteins are exported by the TAT machinery, while clade II 
are exported by the Sec system, as a sec-signal peptide is often found in their primary sequence 
60, 
100
. Another difference between the two clades lies on the “CuZ center” binding motifs, as 
DXHHXH, EPHD motifs are conserved in clade I, but in clade II only DXHH, EPH motifs are 
conserved 
60, 100
 (Figure 1.5). 
 
Ps MSDKSKNNPEVLEKGGISRRNFLGASAVTGAAVAA------------TAFGGAVMTRESWAAAVKDAQQNIHVAPGELDD 68   
                     .:..|..|.|..|::.|            |......:|.:...||.|..|.:     |..|: 
Ws ------------------MQRLLKQSLVVTASLLALGTASLASSDLQTIMKERKLTEKDVLAAAKTYQPS-----GRKDE 22 
 
Ps YYGFWSGGHQGEVRVLGIPSMRELMRIPVFNVDSASGWGLTNESRAIM--GD-SAKFLN-GDCHHPHISMTDGKYDGKYV 144 
   :..|.|||..|::.|.|:||||....|.||..:...|:|..::|:.::  || ..:.:| ||.|||:.:..:|:|.|.|:  
Ws FVVFSSGGQSGQILVYGVPSMRIYKYIGVFTPEPWQGYGFDDDSKKVLRQGDIRGREINWGDTHHPNFTEKNGEYVGDYL 102 
 
Ps FINDKANTRVARIRLDIMKCDKMLTVPNCQAIHGLRLQKVPYTKYVFANAEFVIP-----HPND-------GKV----FD 214 
   |||||||.|:|.:.|...:..:::..|..::.||... ..|.|:||...: ::..|     ||.:      |.|    ||        
Ws FINDKANPRIAVVNLHDFETTQIVVNPIMKSEHGGSF-VTPNTEYVIEASQYAAPLDHQYHPIEEYEAVFRGAVTLWKFD 206 
        
Ps -----LQDENSYT------MYNVIDAEKME---MAFQIIVDGNLDNTDMDYTGRFTASTCYNSEKAYD--LGGMMRNERD 270 
        :.::.|::      |.::.||.|.|   .||.     |..|::| |||        ..||...  ..||.||:.|            
Ws YAKGKIDEKASFSLEFPPYMQDLSDAGKGESFGWAFT-----NSFNSEM-YTG--------GIEKGLPPFEAGMSRNDTD 272 
 
Ps WVVVFDIEAAEK---------------------AVKAGKFITLGDSKVPVLDGRKKGDKDSEFTRYIPVPKNPHGCNTSS 331 
   ::.|::.:..||                     |||||...                        .||.||:|||.:.|.                     
Ws YMHVYNWQMLEKLAQDPKNYKIYHGHRVISIEAAVKAGALF------------------------LIPEPKSPHGVDVSP 338       
 
Ps DGKYFIANGKLSPTVTMIEIAKLPDLFAGK-----------LKDPRDTVAAEVELGLGPLHTTFDGR-GNAYTTLFIDSQ 399 
   ||:|.:..|||....::.:..|:..|...|           :.|.:.|:..:|||||||||.|:|.: |..||:|::|||          
Ws DGRYIVVGGKLDTHASVYDFRKIKQLIDKKEFIGADPYGIPILDMKKTLHGQVELGLGPLHHTYDAQDGIIYTSLYVDSQ 419 
 
Ps VVKWNMADAVRAYKGEKVEYIKQKLDVHYQPGHIHASLCETSEADGKWLVALCKFSKDRFLPTGPLHPENDQLIDISGDV 479 
   :|||:       ||..||   ..:::|||..||:.:...::::..||:.:||.|.|.|||.|.|||||:|.|||||.|..                                    
Ws IVKWD-------YKNLKV---LDRVNVHYNIGHLDSMEGKSAKPKGKYALALDKLSIDRFNPVGPLHPQNHQLIDIGGPK 489        
 
Ps MKLVHDGP-TYAEPHDCIMARRDQIKTKKIWDRNDPFFAPTVEMAKKDGINLETDNKVIRDGNKVRVYMTSMAPSYGVQE 558    
   |:|::|.| ...||||.|....|::|.:..:    |....:....:.:.:.|....:|.|.||:|::|.|.:......:.                             
Ws MELIYDLPIPLGEPHDVISIAADKLKPQVTY----PMGTNSRTGKQHEAMTLAGQERVERKGNEVKIYGTLIRSHINPEH 564 
 
Ps FTVKQGDEVTVTITNLDQIEDVSHGFVMVNHGVSMEISPQQTSSITFVADKPGLHWYYCSWFCHALHMEMVGRMLVEPA- 637 
   .||.:||:||..:|||::.:|.:|||.:..:.|...:.|.:|.::||.||:.|:..|||:.||.|||:||:|.:.|:..                     
Ws VTVNKGDKVTFYLTNLERAQDETHGFAVSGYNVHASVEPGKTVAVTFTADEEGVFPYYCTEFCSALHLEMMGYLYVKDPK 595 
 
Ps -------------------------------------------------------------------------------- 637 
                      
Ws KKYESVKELKLQKMSKEQLESEYKKVIATNKATDDVIQSVVKFLKDKNYAKYPKVKSLVEDALDQYGKIGEVKAKADESY 724 
 
Ps -------------------------------------------------------------------------------- 637 
                                                    
Ws KKGDVNGAILWEYQVWQYMVKTADVGLRAKNNLAKELATPMKPAAQKGEEAYLKGG VIGQVSSGPDLTGVLSRHE 804 
 
Ps ------------------------------------------------------------ 637                
                                                                        
Ws NAEKWVFDFIKNPASKYEEDYVKTMINYFNLRMPNQHMNDQEIKDIIEYLKWIDENAGLF 864 
 
Figure 1.5 - Comparison of primary sequence alignment of N2ORs from clade I and clade II. Clade I N2OR 
is from γ-proteobacteria Pseudomonas stutzeri A1501 (Ps) and clade II N2OR is from ɛ-proteobacteria 
Wolinella succinogenes (Ws). TAT- and Sec-motifs are underlined and the start of mature protein is 
identified with a square. Clade I and clade II CuZ binding motifs are highlighted on black filled rectangles. 
The c-type heme binding motif is highlighted in bold. Vertical lines, colons or stops below the sequence 
indicate matches, high conservation or conservation of the residues, respectively.  
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The uptake of copper into the periplasm is not well known, but most probably occurs through 
porins like NosA in P. stutzeri, or copper chelators 
105
 (Figure 1.6). Evidences of post-translational 
assembly of CuA center in folded N2OR also arise from the metallation of a common center in 
cytochrome c oxidase (CcO), probably using a similar mechanism, whereas chaperone COX 17 
directly transfers copper to the Sco1, that can binds Cu
1+
 through two cysteine (-CXXXCP- motif) 
and one histidine conserved residues, and is implicated in the copper insertion in CcO 
106-108
. 
Homologous of Sco1 are usually present in bacteria harbouring the nosZ gene, as the cases of ScoP 
protein from P. stutzeri or the senC2 in P. denitrificans, and thus this protein is a possible candidate 
for CuA insertion into N2OR, but also proven nonessential for the CuZ assembly 
82
. Furthermore, 
Cu assembly is most likely also related to NosL, a 20 kDa periplasmic lipoprotein anchored to the 
outer membrane that is capable of binding Cu
1+
 and has been postulated to have a role as 
metallochaperone for the Cu incorporation into N2OR 
109, 110
. Although nosL is conserved in the 
majority of clade I and clade II nos cluster (Figure 1.4), it is unnecessary for the biogenesis of a 
functional N2OR 
82
. Therefore, the existence of other mechanism independent of NosL and ScoP 
cannot be ruled out. In addition, a periplasmic CuA chaperone, PCuAC, which contains a binding 
motif (H(M)X10MX21HXM) for Cu
1+ 
insertion, was recently pointed out to be essential for the 
insertion and maintenance of the copper centers in P. denitrificans N2OR 
111
. 
An N2OR containing only the CuA center was isolated from heterologous expression of nosRZ 
genes, evidencing that contrary to “CuZ center”, CuA insertion is not dependent of the nosDFY 
coexpression 
82
. In fact, previous studies reported that mutants of nosDFY genes from P. stutzeri 
express a N2OR lacking “CuZ center”, which is a Cu-S center and therefore the NosDFY has been 
postulated to have a role in the S supply 
112
 (Figure 1.6). NosD, NosF and NosY form a putative 
ABC-type transporter, being NosD a 45 kDa periplasmic protein member of the 
carbohydrates-binding proteins and sugar hydrolase family, NosF is a cytoplasmic 34 kDa protein 
structurally similar to an ATPase of the ABC transporters shown to have ATPase activity and 
NosY is a 26 kDa 5-spanning membrane protein with a putative export role 
20, 83, 112
. 
Another highly conserved gene in the nos operon is NosR, an iron-sulfur transmembrane 
flavoprotein of 78 kDa, with a flavin cofactor covalently bound to the periplasmic domain, while 
the cytoplasmic domain carries motifs for the binding of two [4Fe-4S] centers 
79, 113
. This protein 
has been shown to be essential for the nosZ transcription in P. stutzeri, though the mechanism is 
not explained 
113
. Moreover, deletion of NosR domains and/or conserved motifs showed to affect 
the capacity of the whole-cells to reduce N2O despite the complete assembly of the N2OR centers, 
indicating that NosR does not affect the copper assembly process of the N2OR but is crucial for its 
in vivo activity 
79
. 
Furthermore, the recently characterized ApbE (NosX ortholog) from P. stutzeri, a 37 kDa protein 
containing a flavin adenine dinucleotide (FAD) cofactor, has been postulated to be involved in the 
flavinylation of the flavin mononucleotide (FMN) binding domain of NosR (Figure 1.6) 
86
.   




Figure 1.6 - Model of N2OR biogenesis in P. stutzeri. Apo-NosZ as a dimer is exported to the periplasm by 
Tat translocon. The copper may enter to the periplasm by a transporter not encoded by the nos operon and 
also possibly through NosA. ScoP and NosL are putatively involved in the copper assembly. Sulfur is 
putatively provided by NosDFY. NosX is involved in the biosynthesis of NosR flavin center. NosR is 
essential to N2OR activity and may provide electrons. Each protein is labeled with its name, molecular mass 




1.4 Nitrous oxide reductase 




 → N2 + H2O; 




, a catalyst is required to overcome the activation barrier of 
+ 250 kJ mol
-1
 (in the gas phase) 
114
. N2OR is capable of reducing nitrous oxide to dinitrogen and 
water in a two-electron two-proton process, completing the denitrification process 
20
. 
N2OR is a stable homodimer with a molecular weight of 120 to 160 kDa 
21
, containing ~ 6 copper 
atoms per monomer arranged in two distinct copper centers, a binuclear CuA center, responsible 
for electron transfer and a sulfide-bridged tetranuclear copper center, termed “CuZ center”, where 
the catalysis occurs (Figure 1.7). 
CuA center has the ability to accept electrons from small electron shuttle proteins, usually small 
soluble c-type cytochromes or cupredoxins 
21
. In fact, whole-cells and in vitro studies have been 
performed to identify the probable physiological electron donors of N2OR in several 
microorganisms. Studies performed with whole-cells of Rhodobacter capsulatus, 
Rhodobacter sphaeroides and P. denitrificans indicated an oxidation of a cytochrome in the N2O 
reduction 
115, 116
. Moreover, the whole-cells of R. capsulatus in which a gene encoding cytochrome 
c2 was deleted, were not able to reduce N2O 
117
. These results point out for the role of a c-type 
cytochrome as the physiological electron donor of N2ORs from P. denitrificans, R. capsulatus and 





. In the case of P. pantotrophus N2OR, the enzyme is able to receive 
electrons from pseudoazurin from the same organism 
94, 118
, while mammalian cytochrome c can 
donate electrons to P. pantotrophus, Achromobacter cycloclastes and W. succinogenes N2ORs, as a 
non-physiological electron donor protein 
119-121
. On the other hand, in vitro studies indicate that 
cytochrome c552 is the strongest candidate to be the physiological electron donor of 
M. hydrocarbonoclasticus N2OR, which was also highlighted in molecular docking studies 
122
, 
while in the case of A. cycloclastes, pseudoazurin was assigned as the probable physiological donor 
123, 124
. Although these proteins can donate electrons to N2OR in vitro, being suggested as the 
probable physiological relevant electron donors, their role in vivo has not yet been demonstrated 
and the possibility of others proteins with the same role cannot be excluded. 
The residues involved in the metal coordination of both copper centers are strictly conserved 
among N2ORs 
24
. In CuA center, the copper atoms are µ2-bridged by two cysteine residues and also 
linked to two histidines, a methionine and a tryptophan residue, with each copper atoms adopting a 
distorted tetrahedral geometry 
125
 (Figure 1.8). “CuZ center” is a tetranuclear copper center with a 
central sulfide coordinating the four copper atoms, each of which is coordinated by the side chain 




CuA center is bound to the C-terminal domain, which is arranged in an antiparallel β-sandwich 
fold, feature common to Type 1 copper proteins 
127
, while “CuZ center” is located at the N-terminal 
domain, which has a seven-bladed β-propeller fold 
125
 (Figure 1.7). In the dimer, these two centers 
are oriented in a head-to-tail configuration: in the same monomer CuA and “CuZ” centers are 
separated by 40 Å, a long distance for efficient electron transfer, though CuA and “CuZ” centers 
from different monomers are only 10 Å apart, which confers a functional character to the dimer 
(Figure 1.7) 
128
. The function of the calcium ions present in the X-ray structure of all N2ORs was 
recently elucidated through the studies on the apo-N2OR structure from Shewanella denitrificans. 
These studies revealed that calcium ions are not required for dimer formation, as calcium binding 
occurred after the complete assembly of the centers 
129
. Thus, calcium binding seems to have an 
essential role in the stabilization of the enzyme structure, since in its absence the domains of the 
protein stand apart 
129
. 
Since early years, various forms of N2OR have been isolated and named according to the color of 
their solution as pink, purple or blue 
130
. In-depth investigations over the years determined that 
those forms of the enzyme had different redox, spectroscopic and structural properties, due to the 









Figure 1.7 - Structure of M. hydrocarbonoclasticus N2OR. The surface is colored according to the subunit. 
One monomer is represented in blue and the other in green, with the C-terminal dark colored and the 
N-terminal light colored. The copper atoms are represented as dark blue spheres and the sulfur atoms are 
represented as yellow spheres. The calcium ions in the dimer are evidenced as grey small spheres, being the 
two Ca
2+
 of the monomer labeled. The distance between CuA center and “CuZ centers” is represented. Figure 
was prepared with DS visualizer 4.5 using PDB ID: 1QNI.  
 
Distinct forms of the “CuZ center” have been attributed to differences in growth conditions and 
purification strategies 
90, 130-133
. Currently, it is generally accepted that N2OR can be isolated with 
“CuZ center” in two forms, named herein as CuZ(4Cu2S) and CuZ*(4Cu1S). Indeed, the enzyme 
can be isolated mainly with CuZ(4Cu2S), in the oxidized or reduced state or mainly with 
CuZ*(4Cu1S) (in only one oxidation state, the resting state), and with CuA center in either the 
oxidized or reduced state. However, in a purified sample of N2OR there is always a mixture of both 
“CuZ center” species, ranging so far from 5 % to 90 % of the CuZ(4Cu2S) form 
133
. Thus, it has 
been a challenge to distinguish the spectroscopic features and kinetic parameters of the two forms 
of the “CuZ center”.  
 
1.5 Properties of copper centers in nitrous oxide reductase 
1.5.1 CuA center - The electron entry point 
CuA center of N2OR is similar to the one identified in cytochrome c oxidase (CcO). The existence 
of copper in CcO is known since 1930s, however the properties of the enzyme were not in line with 
any of the existing classifications for copper containing proteins (Type 1, Type 2 and Type 3) 
134
. 
The nature of CuA center in CcO was understood decades later, with significant contributions from 
Beinert, Greenwood and their colleagues, in recognizing the presence of two copper atoms with 
distinct spectral features from the other known coppers centers, using electron paramagnetic 
resonance (EPR) 
134, 135
 and magnetic circular dichroism (MCD) spectroscopies 
136, 137
.  
The evidence of the presence of a similar CuA center in N2OR was initially pointed out by Kroneck 












. A direct copper-copper interaction was identified, with similar features to the 







The electronic properties of CuA center in N2OR were since then extensively studied and are now 
well known. 




] oxidation state, exhibits 








) and 800 nm 




), while in the reduced state it becomes spectroscopically silent, due to the d
10 
electronic configuration of the copper atoms (Table 1.2) 
142
. The intense absorption bands at 480 
and 540 nm are associated to a S(cys)→Cu charge transfer (CT) in agreement with the strongest 
Cu-S(cys) stretching modes observed by resonance Raman, upon excitation at 488 nm, 259 and 
347 cm
-1




Cu isotope sensitive. The 259 cm
-1
 stretching mode observed has been 
assigned to a Cu-N(His) vibration 
143-145
. The transition at 800 nm is assigned to a mix valence 
Ψ→Ψ* CT detected in absorption and MCD spectra and also supported by resonance Raman 






The X-band EPR spectrum of CuA center in N2OR is characterized by an axial signal, with 
g║ = 2.18 and g┴ = 2.03 and a 7-line hyperfine pattern in the g║ region, showing intensity ratios of 
1:2:3:4:3:2:1, with a A║= 3.83 mT (Table 1.2) 
90, 138
. The hyperfine splitting is due to the mix 
valence state (S = 1/2), in which an unpaired electron is delocalized over the two copper atoms 
(Icu = 3/2) 
90, 138, 140
. Nevertheless, the 7-line pattern is not always well resolved since, for the 
enzyme with “CuZ center” mainly as CuZ*(4Cu1S), an overlap of signals in this region from 
CuZ*(4Cu1S) was detected 
20, 147
 (see below). 
Redox titrations followed by EPR or visible spectroscopy have been used to determine the 
reduction potential of CuA center and a value of + 260 mV vs SHE (standard hydrogen electrode), 
at pH 7.5, was estimated for this center in P. stutzeri N2OR 
90
, in accordance with the reduction 
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] - - S = 0 silent  
a
Molar extinction coefficients are given by concentration of N2OR monomer. 
 
Extended X-ray absorption fine structure (EXAFS) studies on N2OR reinforced the existence of a 
direct metal-metal bond in the mixed valence CuA center with a distance of 2.43 Å and provided 
evidences of a Cu2S2 core with a 2.2 Å Cu-S interactions 
149
, which is in agreement with the 
EXAFS studies in CcO 
150
. These data were confirmed some years later when the first X-ray 
structure of a N2OR was solved at a 2.4 Å resolution, for the enzyme isolated from 
M. hydrocarbonoclasticus, confirming the coordination sphere of CuA center and showing 
identical Cu-Cu (2.47 Å) and Cu-S (2.26 Å - 2.31 Å) distances 
125
. The two cysteine residues (C630 
and C634) coordinate, through their Sγ atoms, both coppers atoms (CuA1 and CuA2), being CuA1 
also coordinate by Nε2 atoms of a histidine (H595) and a Sγ of a methionine (M641) and CuA2 by 
Nε2 atom of a histidine (H638) and the carbonyl group of the tryptophan (W632) (numbering 
according to P. denitrificans primary sequence) (Figure 1.8A). CuA center is bound to the 
C-terminal cupredoxin folded domain in the loop region between β8 and β9 strands 
125
 of the 
β-barrel domain. 
Besides the initial M. hydrocarbonoclasticus N2OR structure, higher resolution structures of N2ORs 
also purified in the presence of oxygen were solved for P. denitrificans (1.6 Å) 
126
 and 
A. cycloclastes (1.86 Å) 
151
. More recently, a structure of N2OR purified and crystallized under 
anoxic conditions was obtained for the enzyme isolated from P. stutzeri 
152
. Interestingly, an 
alternative conformation of CuA center was reported for most of the monomers in the asymmetric 
unit of P. stutzeri N2OR, in which the imidazole ring of H583 (equivalent to H595 in 
P. denitrificans) is rotated ~130°, no longer coordinating CuA1 and forming two hydrogen bonds 
with two highly conserved residues, S550 and D576 (Figure 1.8B) 
152, 153
. Also in the recently 
reported structure of the apo-form of S. denitrificans N2OR 
129
, only this histidine was in the flipped 
conformation and hydrogen bonded to D576 (numbering as in P. stutzeri N2OR primary sequence), 








Figure 1.8 - Structures of CuA center of N2OR. Representation of the CuA center of (A) P. denitrificans 
N2OR and (B) P. stutzeri N2OR. In Panel B, H583 does not coordinate CuA1 atom. The copper atoms are 
represented as blue dark spheres and numbered 1-2. Figure was prepared with DS visualizer 4.5 using PDB 
ID: 1FWX (A) and 3SBP (B). The residues were numbered according to the primary sequence of N2OR in 
each microorganism. 
 
Furthermore, the conserved D576 residue has been proposed to be the entry point for the electrons 
donated from the small electron shuttle protein in P. stutzeri N2OR, based on the docking studies 
between N2ORs and its redox partners 
154
. Indeed, these same studies applied to 
M. hydrocarbonoclasticus N2OR, P. denitrificans N2OR and A. cycloclastes N2OR with the 
respective redox partners, also identified this conserved aspartate to be involved in the 
intermolecular electron transfer pathway 
154
.  
Moreover, in the case of P. stutzeri, the mechanism involving the switching of H583 has been 
postulated to play a role in the intramolecular electron transfer from CuA center to the catalytic 
“CuZ center”, as it is flipped away and non-coordinating CuA1 in the absence of substrate but 
switches to its coordinating position in the presence of substrate 
152
, though the enzyme is in the 
fully oxidized form and no change in the oxidation state of the copper centers was reported upon 
data acquisition or substrate incubation. 
 
1.5.2  “CuZ center” - The catalytic center 
The existence of a catalytic center in N2OR, assigned as “CuZ center”, is long known 
147, 155
. 
However, its spectroscopic and structural characteristics took years to discern and are still a matter 
of debate due to its unusual features and difficulties in obtaining an enzyme preparation with a 
single form of “CuZ center”, either as CuZ(4Cu2S) or as CuZ*(4Cu1S).  
In the early studies, as it was recurrent to obtain enzyme preparations with low copper content of 
~8 Cu atoms per functional dimer (currently known to bind 12 Cu atoms 
125
) was recurrent. 
Therefore, in combination with the available spectroscopic data, it was postulated the existence of a 
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second binuclear copper center coordinated by a thiolate group 
90, 130, 147
. Although the S bridging 
character was detected 
156
, it could only be assigned to an inorganic sulfur, as there are only two 
conserved cysteine residues in the primary sequence of N2ORs, which are located at the C-terminal 
domain and coordinate CuA center. The copper atoms of “CuZ center” were proposed to be 
coordinated by seven conserved histidine residues located at the N-terminal domain. The overall 
coordination was clarified when the three-dimensional structure of N2OR was solved, in which a 
central inorganic sulfur atom was identified to be µ4-bridging the copper atoms (here assigned as 
CuI-IV) arranged in a distorted tetrahedron 
126, 151, 157
.  
However, the electron density coordinating the four copper atoms of “CuZ center” was fitted to an 
oxygen atom in the first reported N2OR structure 
125
. Although the oxygen was assigned as the 
central atom, early spectroscopic studies had suggested the presence of another copper-sulfide 
center, with different properties from CuA center 
156
. 
At the same time as the release of the first X-ray structure of M. hydrocarbonoclasticus N2OR, 
sulfide quantifications and analysis of resonance Raman spectra undoubtedly showed the presence 
of labile sulfide in the composition of “CuZ center” 
143, 158
. Afterwards, new structural data and 
re-analysis of the first “CuZ center” electron density, together with sulfur quantifications in 
M. hydrocarbonoclasticus and in P. denitrificans N2ORs showed that the magnitude of the electron 
density of the central atom corresponded to a sulfide instead of an oxygen atom 
126
. 
Common to all structures, Cu-S1 bonds have a similar length (~ 2.3 Å), while copper-copper 
distances are variable, with distances between CuI-CuIV and CuI-CuIII being longer (ranging from 
3.3 to 3.6 Å) than CuII-CuIV and CuII-CuIII distances (ranging from 2.4 to 2.8 Å) 
126, 151, 159
.  
As mentioned, different properties of the “CuZ center” have been observed mostly due to the 
mixture of “CuZ center” forms in each enzyme preparation, CuZ(4Cu2S) and CuZ*(4Cu1S). 
However, the understanding that the oxidation states of each of these “CuZ center” forms can be 
studied by selectively reducing the other “CuZ center” form and also CuA center (using reducing 
agents, such as sodium ascorbate, dithionite or reduced viologens), and that the amount of each 
form of the “CuZ center” in an enzyme preparation can be determined by EPR spin quantification, 





1.5.2.1 Structural and spectroscopic features of CuZ*(4Cu1S)  
A N2OR sample with “CuZ center” mainly as CuZ*(4Cu1S) is usually obtained when its 
purification is performed from long term frozen crude extracts 
125, 126, 151, 157
, with either CuA center 
oxidized or reduced. Such an enzyme sample can also be isolated in the absence of oxygen from a 
P. denitrificans double mutant in nirXnosX 
81, 85
.  
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Up-to-date, N2OR structures containing “CuZ center” mainly as CuZ*(4Cu1S) have been reported 
for the enzyme isolated from three microorganisms M. hydrocarbonoclasticus, P. denitrificans and 
A. cycloclastes, solved at 2.4, 1.6 and 1.9 Å resolution, respectively 
125, 126, 151, 157
.  
The coordination sphere of the tetranuclear CuZ*(4Cu1S) in P. denitrificans consists of five 
histidine residues H337, H392, H443, H146 and H194, coordinating the copper atoms by Nε2 and 
the other two, H145 and H504, coordinating the copper atoms via Nδ1 (numbered according to 
P. denitrificans primary sequence) (Figure 1.9A) 
125, 126
. These residues are located either in the 
blades (H145, H146, H194, H392 and H443) or on the top of the β-propeller domain (H270 and 
H495) 
125, 126
. In those structures, a water-derived ligand had been identified in the edge of 
CuI-CuIV. Nevertheless, comparison between the three known structures of CuZ*(4Cu1S) 
highlights the difference that lies in the CuI-CuIV edge: an oxygen atom is bound to CuIV, assigned 
to a water molecule or a hydroxide, in the cases of M. hydrocarbonoclasticus and P. denitrificans 
N2ORs, while two oxygen atoms bound to a different copper atom (CuI and CuIV) were modeled in 
the electron density in A. cycloclastes N2OR 
126, 151, 157
. 
Properties of resting CuZ*(4Cu1S) have been investigated in detail using different spectroscopies 
(Table 1.3) 
91, 143, 161, 162




] oxidation state, is 




) (Table 1.3) and intense 
transitions in the visible region in both CD and MCD spectra, assigned to S→Cu CT, His→Cu CT, 
Cu→Cu inter-valence transition (IT) and also d→d transitions 
91, 147, 158, 161, 162
. Additionally, the 
MCD spectra of the CuZ*(4Cu1S), acquired at variable temperature and field, were simulated for a 
STotal = 1/2, indicating a paramagnetic behavior for the resting state 
163
. The oxidation state of the 





], attending to the possible oxidation states of the copper atoms for a STotal = 1/2 
163
. 
The resonance Raman spectrum at pH ~7.3, excited at 624.4 nm (or 647 nm, which showed similar 
vibrational frequencies) presented three vibrational modes at 366, 386 and 415 cm
-1
, being 366 and 
415 cm
-1
 assigned to Cu-S stretching vibrations, and 386 cm
-1











O shifts were observed, upon excitation at 
600 nm 
161






O shift of the 415 cm
-1
 peak was detected, 
suggesting a Cu-O vibrational mode at high pH 
161
.  
Selective reduction of CuA center with sodium ascorbate enabled the determination of the EPR 
features of the resting CuZ*(4Cu1S), in a sample with high content of this form. Q- and X-band 
EPR showed axial signals and hyperfine splitting in the g║ region, however the X-band hyperfine 
pattern was not very well resolved due to the broadening of the signals, which could be improved 
in the second derivative spectrum 
163, 164
. Thus, accurate g-values, g║ = 2.16 and g┴ = 2.04, were 
determined based on the Q-band EPR spectra of M. hydrocarbonoclasticus N2OR, which presented 
similar values to those previously reported for P. pantotrophus N2OR (Table 1.3) 
163, 165
. Two 
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hyperfine coupling constants were estimated (A║ = 6.1 mT and A║ = 2.4 mT) due to the unpaired 




Figure 1.9 - Structures of the “CuZ center” of N2OR. (A) Representation of the CuZ*(4Cu1S) from 
P. denitrificans N2OR with the first and second coordination sphere residues. This form contains one sulfur 
atom named S1 and one oxygen atom (from either a hydroxide or a water molecule) at the CuI-CuIV edge. (B) 
Representation of the “CuZ center” as CuZ(4Cu2S) from P. stutzeri N2OR with first and second coordination 
sphere residues. This form contains two sulfur atoms named S1 and S2. The copper atoms are represented as 
dark blue spheres and numbered I-IV. The residues are numbered according to the primary sequence of each 
N2OR. Figure was prepared with DS visualizer 4.5 using PDB ID: 1FWX (A) and 3SBP (B).  
 
The crystallographic structure of M. hydrocarbonoclasticus N2OR has been used in density 
functional theory (DFT) calculations to investigate the electronic configuration of the ground-state 
of CuZ*(4Cu1S) 
163, 166
. Taking into account that the spin distribution is affected by the ligand in 
the CuI-CuIV edge, different models were considered. Initially a model with a water molecule in the 
CuI-CuIV edge was proposed, in which the spin density would be distributed over CuI and CuII 
atoms 
163
. Other models, involving the following ligands, have been also analyzed: a H2O bond to 
CuI, a OH
-
 in the CuI-CuIV edge, a OH
-
 in the CuI-CuIV edge bound to a lysine residue or a OH
-
 
ligand H-bonding to a protonated lysine residue 
161
. DFT calculations combined with spectroscopic 
studies, lead Solomon and collaborators to propose that a OH
- 
ligand occupies the CuI-CuIV edge, 
being closer to CuI (2.00 Å) than to CuIV (2.09 Å) 
161
. This model at low pH also includes two 
residues nearby the CuIV atom, a protonated lysine and a glutamate residue, that establishes with 
each other a H-bond (K447 and E485 residues in the primary sequence of 
M. hydrocarbonoclasticus N2OR), but not with the OH
-
 ligand at the CuI-CuIV edge (Figure 1.9A) 
161, 167
.  
Thus, the edge of CuI-CuIV in CuZ*(4Cu1S) is proposed to be occupied by a hydroxide that is 
mainly bond to CuI, as the spin density resides mainly on this atom (26 %), with CuIV (13 %) also 
having a contribution 
164
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enhance vibration (shift of 9 cm
-1
) observed in the resonance Raman spectra explained by a close 
proximity of the ligand to both CuI and CuIV atoms 
167
. 
This form of the catalytic center is redox inert and can only be fully reduced to the [4Cu
1+
] 
oxidation state after prolonged incubation (3 – 5 h) with a large excess of reduced viologens 
122, 160, 
168






] has not yet been determined, 




1.5.2.2 Structural and spectroscopic features of CuZ(4Cu2S)  









] state, and with CuA center either oxidized or reduced. This form of “CuZ 









] was estimated to be + 60 mV vs SHE at pH 7.5, in 
P. pantotrophus N2OR 
131
. 
The crystallographic structures of P. stutzeri N2OR, isolated with “CuZ center” mainly as 
CuZ(4Cu2S), in the oxidized state, were solved at 1.7 and 2.1 Å resolution and reported for the first 
time in 2011 
152
 (Figure 1.9B). The coordination is similar to that observed for CuZ*(4Cu1S), with 
the exception of the ligand at the CuI-CuIV edge modeled as a sulfur atom 
152
. Typical metal-sulfur 
bonds were observed with CuI-S2 and CuIV-S2 being 2.5 Å and 2.3 Å, respectively 
152
. 




] state is characterized by a strong absorption band at 




) and a shoulder at 635 nm 
131, 156, 164
 (Table 1.3), corresponding to five 
transitions at room temperature, assigned to S→Cu CT 
164
. This CT character was addressed by 
resonance Raman spectroscopy upon excitation at 568 or 676 nm, whose profiles exhibited 
enhanced vibrational modes at 350 and 405 cm
-1
, that are S isotope-sensitive. The resonance 
Raman profiles combined with DFT calculations associated the nature of the transitions to the 
presence of a sulfide (µ2S
2-
) edge ligand that has a pKa ≤ 3 
164
. Moreover, upon reduction of CuA 
center with sodium ascorbate, neither MCD or EPR spectra presented signals of the oxidized 







] state is characterized by a strong absorption band in the visible spectrum at 




) (Table 1.3) 
131
. Different transitions were observed by simultaneous 
analyses of low temperature absorption and MCD spectra, which were assigned to S→Cu CT 
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Table 1.3 - Summary of “CuZ center” properties. The different oxidation states of the four copper atoms in “CuZ center” are presented for each of the “CuZ center” 
forms, together with their spectroscopic and kinetic properties. 
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 S = 1/2 > 200 s
-1


















 Empty/H2O S = 0 > 200 s
-1
 No bands Silent 







 is an intermediate of CuZ*(4Cu1S) catalytic cycle. 
b
Molar extinction coefficient is given by concentration of N2OR monomer. 
c
Consider 3 identical 
hyperfine coupling constants. 
d
With a 5/2 ratio.
 e
Consider 2 identical hyperfine coupling constants.  
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Additionally, the resonance Raman spectrum, acquired by excitation at 676 or 697 nm, presented 
enhanced Cu-S stretching modes, particularly at 203, 378, 450 and 492 cm
-1
, being the 378 cm
-1
 
vibration assigned to the µ4S, since is common to the CuZ*(4Cu1S) profile 
164
. On the other hand, 
vibrations at 203 cm
-1
 were assigned to the Cu-S stretching modes of the edge sulfur ligand, while 
450 and 492 cm
-1 
vibrations are D2O-isotope sensitive and assigned as S-H bending modes, 
suggesting that this oxidation state has a thiolate (µ2SH
-
) edge ligand between CuI and CuIV 
164
 
(Table 1.3). The resonance Raman profiles obtained at pH 7.8 and pH 10 showed unperturbed 
behavior of S-H bending modes, suggesting that the thiolate has a pKa ≥ 11 
164
. 




], is characterized by an X-band EPR axial spectrum due to 
the delocalized spin density (STotal = 1/2) over the copper atoms dx2-y2 orbitals 
164
. The simulation of 
the derivative spectrum estimated a g║ = 2.152, a g┴ =2.042 and three identical hyperfine coupling 
constants of A║ = 5.6 mT, were required to explain the five hyperfine lines observed in the EPR 
spectrum 
164
. Moreover, the requirement of the three hyperfine coupling constants is attributed to 
the spin density being distributed over CuI (17 %), CuII (11 %) and CuIV (10 %), in a ratio 2:1:1, 
since these atoms are localized in the same plane as the sulfur ligands 
164
.  
Besides the oxidation states described above, no other oxidation states have been reported for 
CuZ(4Cu2S). Indeed, even upon prolonged incubation with reduced viologens, the fully reduced 
[4Cu
1+
] state cannot be attained by CuZ(4Cu2S) 
160
, which can be attributed to the presence of the 
sulfur atom in the CuI-CuIV edge. 
 
1.6 Substrate binding site 
The combined studies on the structural, kinetics and spectroscopic properties of N2OR pin pointed 
the CuI-CuIV water-derived edge as the probable substrate binding site of CuZ*(4Cu1S) 
122, 125, 162, 
166
. The unveiling of crystallographic structures of N2OR was one of the major findings for this 
assumption, showing that CuIV is coordinated by the side chain of only one histidine, while the 
other copper atoms are coordinated by two histidines, together with the ligand in the CuI-CuIV edge, 




EPR studies on the resting CuZ*(4Cu1S) have identified a spin density delocalized over CuI and 
CuIV that favored the N2O interaction, and supported this hypothesis 
163
. Additionally, DFT 
calculations on “CuZ center” models performed by Solomon and collaborators, suggested a 
µ-1,3-N2O coordination as the most favorable binding mode of N2O at the CuI-CuIV edge, in the 
lowest energy configuration of CuZ*(4Cu1S) in the [4Cu
1+
] oxidation state 
168
. In this 
configuration the terminal N-atom of the N2O molecule is coordinating the CuI and the O atom is 
bound to CuIV, forming a ~139° angle 
146, 166-168
 (Figure 1.10A). 
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Several synthetic model compounds of CuZ*(4Cu1S) have been developed, however only few 
evidenced features similar to those observed for this center on the enzyme 
169, 170
. The first 
promising model compound shown to be capable of convert N2O into N2 was a mixed-valent 
tricopper cluster [Cu3S2]
2+
 supported by amino ligands, reported by Bar-Nahum et al 
171
. In fact, 






 species the 
most favorable for the N2O bridging 
171
. DFT calculations predicted a µ-1,1-bridging coordination 
mode through the oxygen atom 
171
, showing a different coordination from the µ-1,3-CuIV-ON2-CuI 
proposed in N2OR. More recently, a tetranuclear copper compound model synthesized with 
bis(diphenilphospinoamine), [Cu4(µ4-S)], has been shown to be a relevant functional model of 
CuZ*(4Cu1S) 
170
. This compound contains all the coppers as Cu
1+
 and was able to bind analogous 
triatomic molecules, such as azide or nitrite, and also iodide, a proposed inhibitor of N2OR 
170
. 
Iodide can rapidly and strongly bind to this synthetic complex originating an unreactive species 
170
. 
However, no reactivity of this compound with N2O was reported so far. 
The proposed N2O coordination to the enzyme was strengthen by the X-ray structure of an 
inhibited form of A. cycloclastes N2OR, solved at 1.7 Å resolution 
151
. The exposure of N2OR to the 
inhibitor iodide lead to the formation of a blue adduct characterized by a strong absorption band at 
650 nm 
151
. In the structure of the adducted-N2OR, the iodide was modeled in the electron density 
maps between CuI and CuIV 
151
.  
Others exogenous ligands, including fluoride, cyanide, azide, nitric oxide, carbon monoxide and 
hydrogen peroxide, presented different reactivity and spectroscopic effects on the interaction with 
the enzyme 
89, 130, 157, 172, 173
. Indeed, some of those inhibitors bind irreversibly to the enzyme or 
chelate the copper atoms, as observed by Haltia and co-authors in the structures of N2OR crystals 
treated with cyanide and hydrogen peroxide, in which a lower occupancy of the copper atoms of 
the “CuZ center” was reported 
157
. The binding mode of the other exogenous ligands is not known, 
and it remains to be elucidated whether their binding induces conformational changes in the copper 
centers or in the enzyme. These studies can provide additional insights into the complex catalytic 
mechanism of this enzyme and clarify the substrate interaction with the enzyme, which will be 












Figure 1.10 - Substrate binding mode in N2OR. (A) The N2O was modeled in the CuI-CuIV edge in a 
µ-1,3-bridging mode. The N2O binding site was proposed for A. cycloclastes N2OR structure, based on DFT 
calculations and spectroscopic features of the “CuZ center” as CuZ*(4Cu1S), in the [4Cu
1+
] oxidation state. 
(B) The N2O molecule is located between CuA and “CuZ” centers. P. stutzeri crystals of N2OR, with the 




] oxidation state, were pressurized with N2O. The surface 
at the dimer interface, as well as the relevant residues involved in the substrate binding mode are represented 
and colored according to the monomer by green and blue. The N2O atoms are colored according to the 
element. The residues are numbered according to their primary structure. Figures were prepared using 
DS visualizer 4.5, using PDB ID: 2IWF (A) and 3SBR (B). 
 
There is, to our knowledge, only one N2OR structure crystallized in the presence of N2O, solved for 
P. stutzeri N2OR (at 2.24 Å resolution) after pressurization of anaerobically prepared purple 
crystals (Figure 1.10) 
152




] oxidation state 




] oxidation state 
152
, a form of the enzyme 
that is not catalytically competent. In this structure, N2O is not coordinated to any metal center, 
being located above the CuII-µ4S-CuIV face in a linear mode, between both CuA and CuZ(4Cu2S), 
and not even close to the edge position of CuI-CuIV that in this case is occupied by a sulfur atom 
(Figure 1.10B) 
152, 159
. Moreover, a hydrophobic channel for substrate access to this location was 
proposed and the reorientation of the N2O molecule is envisaged through F621 and M627 residues 
(Figure 1.10) 
152, 153
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presence and absence of substrate is, as mentioned before, at the CuA center, with H583 imidazole 
ring being rotated and coordinating CuA1 atom in the presence of N2O 
152
.  
For the catalysis to occur, electrons have to be transferred from CuA center to “CuZ center”. Two 
possible intramolecular electron transfer routes, based on molecular docking simulations, have 
been proposed for M. hydrocarbonoclasticus N2OR containing the catalytic center as CuZ*(4Cu1S) 
154, 174
 (Figure 1.10). In one pathway the electron would be transferred from W613 (W622 in 
A. cycloclastes, numbered according to primary sequence), coordinating CuA center, to the F614 
(F623 in A. cycloclastes, numbered according to primary sequence) entering the catalytic center via 
the oxygen positioned in the CuI-CuIV edge. The other pathway would involve electron transfer 
from the CuA ligand H619 (H628 in A. cycloclastes) to M620 (M631 in A. cycloclastes), and 
subsequently to H178 (H184 in A. cycloclastes), which coordinates CuII of “CuZ center”. 
 
1.7  Specific activity and activation mechanism of N2OR  




N2OR and can be determined 
spectrophotometrically or by gas chromatographic assays 
175, 176
. In the spectrophotometric assay 
the rate of N2O reduction is indirectly determined by following the oxidation of reduced viologen 
dyes at 600 nm, which can either be initiated upon addition of the enzyme or water saturated-N2O 
to the reaction mixture, which contains the reduced viologens and N2O or the enzyme, respectively 
122, 175
. In alternative, the activity can be directly measured based on the substrate (N2O) 
consumption and/or product (N2) formation by gas chromatography 
90, 176
. 
The rate of N2O reduction by P. stutzeri crude cell extracts, determined using the 






. Nevertheless, the 
activity of P. stutzeri N2OR purified in the presence and absence of oxygen, measured in vitro 







. Intriguingly, none of the specific activities determined for the isolated enzyme, 
independently of the proportion between the two “CuZ center” forms, are in line with the activity 
values obtained for the crude extract, suggesting that those values corresponded to an unready state 
of the enzyme 
133
. These specific activity values are in agreement with the ones measured for 
N2ORs purified from P. pantotrophus 
131
, Alcaligenes xylosoxidans 
92
 and P.aeruginosa 
119, 178
, 






These spectrophotometric assays are far from being physiological, as the reduction potential of the 
electron donors used (methyl viologen, - 450 mV vs SHE, pH 7.0 and benzyl viologen, - 374 mV vs 
SHE, pH 7.0 
179
) are below of what is expected to be found in the periplasm of Gram-negative 
bacteria. Nevertheless, physiologically relevant electron donors have been tested and identified that 
are able to donate electrons to N2OR in in vitro activity assays. However, even in the presence of 
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reduced native donors, hypothesized to induce conformational changes in N2OR 
120
, the specific 
activities cannot explain the high N2O-reduction rates attained when using either crude cell extracts 
or whole-cells 
79, 90, 117, 120, 122
. Nonetheless, a large excess of electron donor protein over the enzyme 
(~26000-fold excess) was recently reported to substantially increase the activity of A. cycloclastes 
N2OR 
123
, but no molecular explanation was provided nor similar observations have been reported 
for any other enzyme. 




N2OR, was reported for the 
enzyme isolated from W. succinogenes (clade II N2OR) 
98
, an indication that it does not require 
activation. This could be attributed, as mentioned before, to the fact of this enzyme being able to 
receive electrons directly via menaquinol 
36
, with the additional domain playing a role in the 
electron transfer pathway via CuA center to “CuZ center”. In fact, clade I N2ORs may require 
additional accessory proteins to attain such activity, possibly NosR, or may require the formation of 
a supra-complex as recently reported in P. aeruginosa 
180
. Thus, what is clear is the requirement of 




Enzyme activation has been proposed to be attained through two processes: prolonged incubation 
with reduced viologens or with an alkaline solution, though the activity values attained with this 
later process are not as high as the ones with the former 
90, 168, 175
.  
The pH has a distinct effect on the enzyme activation and N2O reduction (Table 1.4) 
182
. In fact, 
alkaline activation followed by the activity assays at neutral pH seems to be divergent between the 
N2ORs isolated from different species: ~ 1.5 fold increase, after 14 h at pH 9.0, for P. pantotrophus 
N2OR with “CuZ center” as CuZ*(4Cu1S)/CuZ(4Cu2S) 
94
, ~ 1.3-1.4 fold increase, after 3 h at pH 
10.0, for A. xylosoxidans N2OR with “CuZ center” as CuZ(4Cu2S) 
92
, ~ 14 fold increase, after 16 h 
at pH 9.8, for P. stutzeri N2OR with “CuZ center” as CuZ(4Cu2S) 
90
, or ~ 50-75 fold increase for 
P. aeruginosa N2OR at pH 10 with “CuZ center” as CuZ(4Cu2S) 
178
. Thus, when the enzyme, in 
particular with “CuZ center” mainly as CuZ(4Cu2S), is incubated at alkaline pH the specific 
activity increases more than when it is activated at neutral or more acidic pH, despite the 
heterogeneous increment in activity between species 
182
. The exact molecular mechanism for the 




Incubation with a reduced viologen increases the activity in two orders of magnitude 
168, 181
. 
Nevertheless, the activation of N2OR is not only dependent on the incubation with a compound 
with a very low reduction potential but also on the type of reducing agent and on the incubation 
time with the reduced viologens: dithionite (with a reduction potential of - 471 mV vs SHE at 
pH 7.0 
183
), by itself does not activate N2OR (with “CuZ center” in any of the two forms) 
168, 181
, 
while N2OR with “CuZ center” as CuZ*(4Cu1S) after 3 h incubation in the presence of 100-fold 
excess of reduced methyl viologen attains maximum activity. 
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, in the 




] oxidation state 




. However, it is important to point out that this has a very slow reduction 
rate to be part of the catalytic cycle 
160, 166
. The reduction process is marked by a decrease in the 
absorbance at 640 nm and can be followed by decay of the EPR signal intensity that is correlated 









. Upon decrease of the EPR signal, there is the concomitant increase in activity, 
suggesting that [4Cu
1+
] state is the in vitro catalytic relevant oxidation state of CuZ*(4Cu1S) 
168
. A 






]) was determined by 
following the rate of EPR signal decay and assigned to a nearby lysine 
161
.  
It is important to mention that the features of the visible spectrum of fully reduced N2OR do not 
disappear completely, due to the presence of a small amount of N2OR with “CuZ center” as 
CuZ(4Cu2S), since it is not possible to obtain an enzyme sample with a homogeneous form of 







1.8 The catalytic competent forms  
Two catalytic competent forms of the N2OR are known so far: the fully reduced state of 
CuZ*(4Cu1S) and the CuZº intermediate species. 
The fully reduced state of CuZ*(4Cu1S), [4Cu
1+
], is obtained after prolonged exposure of N2OR to 
an excess of reduced (methyl or benzyl) viologen, as mentioned above. In this state, due to the d
10
 
configuration of the copper atoms, both MCD and EPR features are absent as this species is 
diamagnetic with no unpaired electrons (S = 0). 
N2OR in the active fully reduced state reacts with the substrate even after removal of reduced 
methyl viologen, demonstrated by the partial re-appearance of the visible and EPR spectral features 
and supported by GC-MS detection of the product (dinitrogen), when a 
15
N labeled N2O was 
used 
181
. The spectroscopic evidences are the appearance of the CuA center features in the visible 
spectrum, at 480, 540 and 800 nm, and of a band at 640 nm, corresponding to the re-oxidation of 




] oxidation state, which is associated with the re-emergence of a 
hyperfine pattern in the EPR spectrum, involving two electrons 
181
. 
The kinetic parameters of N2OR, as well as its pH dependence, have been investigated (Table 1.4) 
119, 122, 182
. N2ORs containing “CuZ center” mainly as CuZ*(4Cu1S) exposed to viologens by a 
prolonged period exhibited higher specific activities, as the case of M. hydrocarbonoclasticus, A. 
cycloclastes and P.denitrificans. High turnover numbers of 321 s
-1
 and 163 s
-1
 were obtained for M. 
hydrocarbonoclasticus N2OR 
122
 and A. cycloclastes N2OR 
119
, respectively, showing that [4Cu
1+
] 
is kinetically competent in reducing N2O (Table 1.4). The specific activity of A. cycloclastes N2OR 
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is pH dependent, with two pKa values of 6.8 and 9.8 
119
. In the case of M. hydrocarbonoclasticus 
N2OR, the pH profile will be discussed in Chapter 4. In the presence of its physiological electron 
donor cytochrome c552, the maximum activity is attained at lower pH values, with a pKa of 8.3 
122
. 
The pH dependence of specific activity of P. pantotrophus N2OR in the presence of mammalian 
cytochrome c exhibited, similarly to M. hydrocarbonoclasticus N2OR, higher activities at lower pH 
values, with a maximum observed at pH ~ 5.6 
94
.  
The hypothesis that other oxidation states of N2OR “CuZ center” are able to react with N2O was 
recently investigated 
160
. Despite the various oxidation states that N2OR centers can adopt (Table 




] state and 




] state, do not react with N2O even when CuA center is 
reduced (no spectroscopic changes were observed in the presence of N2O) 
160
 . 




] state and with 
CuA center reduced, slowly reacts with N2O (k = 0.6 h
-1
), as supported by MCD and resonance 
Raman studies 
160









], respectively, in a two-electron process 
160
. However, such low 




] state is not relevant for the 
catalytic cycle and thus is unlikely to be the active form in vivo 
133, 160
, possibly having a role as a 
protective form of the enzyme when either the substrate or electrons are not available to complete 
the cycle. Moreover, specific activities of these forms are usually very low compared to the fully 
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CuZ* MV    9  
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CuZ* MV    87  
95
 
CuZ* Paz 29 19 89 114  
123
 
P. aeruginosa CuZ 
BV    0.5  
178
 
BV 4 2  27
c
  
R. sphaeroides CuZ* BV 26
d














A. xyloxidans CuZ MV    6  
92
 
Notes: The specific activities reported as U mg
-1






Values for the pKa; 
b
Specific activity determined after base activation at pH 9.8; 
c
Specific activity 
determined after base activation at pH 10; 
d
Specific activity determined at pH 9.0; 
e
N2OR with CuA oxidized 
and CuZ(4Cu2S) oxidized; 
f
N2OR with CuA reduced and CuZ(4Cu2S) reduced;. 
CuZ is CuZ(4Cu2S) and CuZ* is CuZ*(4Cu1S); ED – electron donor; c552 – cytochrome c552 ; cyt c – Horse 
heart cytochrome c; Paz – Pseudoazurin; MV – methyl viologen; BV – benzyl viologen.  
 
In single turnover experiments, an intermediate species was identified and named CuZº 
148
. This 
intermediate species was observed after addition of a stoichiometric amount of N2O to N2OR, with 
CuA center reduced and CuZ*(4Cu1S) in the [4Cu
1+
] state, with a lower limit for this re-oxidation 
being determined to be 200 s
-1
, which is compatible with the turnover numbers found for the 
enzyme 
160
. This is an intermediate species, whose activity is of the same order of magnitude as 




. Thus, this is the first catalytically competent 





) in the absence of external electron donors and substrate 
148
, as observed in those 
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single turnover experiments: the decay in activity is concomitant with the decrease in the CuZº 
absorption band at 680 nm, and associated with the increase in the 640 nm band, characteristic of 
the resting CuZ*(4Cu1S) 
148, 167
. 





identified after subtraction of CuA and CuZ(4Cu2S) contributions) (Table 1.3) 
167
. Simultaneous 
fitting of MCD and absorption spectra allowed the identification of six transitions assigned as 
µ4S
2-
→Cu CT transitions, His→Cu CT transitions and also d→d transitions 
167
. Two of the three 
transitions assigned as µ4S
2-
→Cu CT transitions, showed different relative intensities compared to 
those observed for the resting CuZ*(4Cu1S) 
162, 167
. Furthermore, in the CuZº
 
spectrum the 
transition corresponding to the spin delocalization onto CuI is lower relative to the transition 
corresponding to the spin delocalization onto CuIV, as opposed to what was observed in the resting 









] state (S = 1/2) of resting CuZ*(4Cu1S) (Table 1.3) 
148
. The axial signal with 
g║ = 2.177 > g┴ = 2.05 > 2.0 indicates that the spin resides in the Cu dx2-y2 orbitals 
148, 167
. A 6-line 
hyperfine pattern was identified in the g║ region and simulated with two equal hyperfine constants 
(A║= 4.2 mT), indicative, contrary to what was observed in the resting CuZ*(4Cu1S), of an 
unpaired spin equally distributed over the two copper atoms, confirming the analysis of the 
absorption and MCD spectra presented before 
167
. In the resonance Raman spectra, upon excitation 
at 676 nm, an intense vibration and a weak shoulder were identified at 426 and 413 cm
-1
, 
respectively, and assigned to Cu-S stretching vibrations 
167
. Moreover, the vibration at 413 cm
-1
 
showed a 3 cm
-1
 shift in solvent O
18
 isotope-sensitive and also a 36 % increase in intensity, 
predicting a ligand with an oxygen atom in the CuI-CuIV edge 
167
.  
Two computational models were hypothesized for CuZº in M. hydrocarbonoclasticus N2OR, one 
with a H2O edge ligand and another with a OH
-
 coordinated terminally to CuIV and hydrogen 
bonded to K447 
167
. The spectral features of CuZº are only reproduced by the model with a OH
-
 
coordinated terminally to CuIV (1.93 Å) and stabilized by a H-bond to the protonated lysine, which 
in turn strongly interacts with the negatively charged E485 residue 
167
. The involvement of the 
CuZº and other intermediate species in the catalytic cycle is part of this study and the achievements 
will be further discussed in Chapter 5. 
 
1.9 Aims 
The last reaction of denitrification pathway is catalyzed by N2OR, which reduces nitrous oxide a 
potent greenhouse gas and ozone depletion substance, to dinitrogen 
14, 15, 17
. The catalytic center of 
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the enzyme has a completely distinct nature being a sulfide-bridged tetranuclear copper center and 
thus it has been a major subject of research in the bioinorganic field in the last 35 years. 
The aim of this work (covered in Chapters 3 and 4) was to understand the effect of environmental 
acidification on the denitrification pathway. Transcriptomic, proteomic, spectroscopic and 
structural studies had been conducted to provide clues to explain why at low pH the denitrification 
is impaired, but the N2OR is isolated with its catalytic center as CuZ*(4Cu1S), which in turn 
presents high specific activity in vitro. Understanding the relation between the pH and the form of 
N2OR isolated is of prime importance to explain the possible molecular mechanisms involved in 
maintaining the in vivo ability of cells to reduce nitrous oxide and to develop strategies to mitigate 
the emission of N2O when these mechanisms are affected. 
The second main objective was to clarify the catalytic mechanism of reduction of nitrous oxide 
(covered on Chapter 5). Spectroscopic studies were performed to identify and characterize the 
intermediate species involved in the catalytic cycle and to evaluate if these intermediates are 
catalytically competent species, which is essential to understand the mechanism of this challenging 
enzyme. In addition, electrochemical and potentiometric studies were performed to investigate the 
reduction potential of the metal centers of N2OR and its pH dependence, which was important to 
better understand the reactivity of this enzyme. Moreover, the reactivity of N2OR redox centers 
with inhibitors was evaluated to understand their effect on the centers and provide insights into the 
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2 Materials and Methods 
2.1 Materials 
The chemicals used in this work were bought from Sigma, Merck, Panreac, Riedel-de-Haën and 
Fluka, unless otherwise stated. All these reagents were acquired in their highest grade 
commercially available and used without further purification.  
In the assays with N2O, a saturated water solution (25 mM at 25 °C 
175
) was obtained from a gas 
stock mixture 5 % Ar/ 95 % N2O (Air liquid). NO-saturated water solution (95.5 µM at 20 °C 
186
) 
were prepared from a gas mixture of 95 % He/ 5 % NO (Air liquid).  
Solutions of sodium dithionite and potassium ferricyanide were prepared in 100 mM Tris-HCl 
pH 7.6, while sodium ascorbate solutions were prepared in deionized water. 
 
2.2 Bioinformatic analysis 
Bioinformatic tools were used to analyze the deposited genome sequence of 
M. hydrocarbonoclasticus ATCC49840 
187
, with the accession number NC_017067 (NCBI 
database: https://www.ncbi.nlm.nih.gov) and search for homologous genes encoding the catalytic 
subunits of denitrification enzymes, as well as their accessory factors. Identification of putative 
gene functions was performed by Blast search (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene 
organization between different microorganisms and the encoded proteins were compared by 
multiple sequence alignments, using Clustal W2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 
188
.  
Prediction of signal peptides (Sec and TAT) were obtained from PrediSi, a tool of PRODORIC 
database (http://www.prodoric.de/) 
189
 and Pred-TAT (http://www.compgen.org/tools/PRED-TAT) 
190
. 
The Virtual Footprint of PRODORIC database 
189
 was used to predict the FNR binding boxes in the 
promotor regions. The 200 bp region upstream from the initiation codon of each promoter were 
analyzed to detect putative binding sites and their scores for FNR, NarL and IHF, using the position 
weight matrices of FNR and IHF from Escherichia coli K12 and NarL from 
Pseudomonas aeruginosa PAO1.  
The coordinates of N2OR structures from M. hydrocarbonoclasticus (1QNI), P. denitrificans 
(1FWX), A. cycloclastes (2IWF), S. denitrificans (5I5I) and P. stutzeri (3SBQ, 3SBP and 3SBR) 
were obtained from the RCSB Protein Data Bank (PDB) (https://www.rcsb.org). 
Protonation/deprotonation of amino acids in the protein environment was predicted by DEPTH 
server (http://cospi.iiserpune.ac.in/depth/) 
191
, using the structure obtained by X-ray crystallography 
and also the deposited structure of N2OR from P. stutzeri (PDB ID: 3SBQ). 
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2.3  M. hydrocarbonoclasticus growth conditions  
M. hydrocarbonoclasticus 617 cells were grown in artificial seawater (ASW) liquid medium 
containing 1.17 % w/v NaCl, 0.075 % w/v KCl, 0.3 % w/v NH4Cl, 1.23 % w/v MgSO4.7H2O, 
0.61 % w/v Tris(hydroxymethyl)aminomethane, 0.1 % w/v yeast extract and 0.12 % w/w sodium 
lactate 
192
. The pH of the medium was adjusted to 7.5, with 37 % w/w HCl or to pH 6.5 or 8.5 to 
study the pH effect in the denitrification. The medium was sterilized by autoclaving 20 min at 
120 °C. Prior to inoculation, the medium was supplemented with sterilized (0.2 µm filters) 
solutions of K2HPO4 (18.6 mg L
-1
 of culture), CaCl2.2H2O (147 g L
-1
 of culture), FeSO4.7H2O 
(1 mg L
-1
 of culture) and a Starkey oligoelement solution 
193
 (1 mL L
-1
 of culture).  
Cultures, maintained in ASW agar plates, were used to inoculate 5 mL ASW liquid medium and 
were grown aerobically at 30 °C for 24 h at 210 rpm. The grown cultures were transferred (as 10 % 
of total volume) for subsequent increasing volumes (50 mL and then 500 mL) of new ASW liquid 
medium prior to flasks (50 mL) and bioreactor (2, 5 or 10 L) inoculation.  
 
2.3.1 Growth in the bioreactor  
The 2, 5 or 10 L bioreactor (Sartorius), operated in a batch mode, was supplemented with grown 
culture (10 % of total volume), 0.75 % w/v sodium lactate and 10 mM sodium nitrate used as 
electron acceptor. A low aeration rate (0.2 vvm) was maintained during the growth and a constant 
stirring (150 rpm) was kept during 5 h, and then lowered to 50 rpm until the end of the growth 
(48 h). The pH of the growing cultures was continuously controlled and automatically adjusted to 
pH 6.5, 7.5 or 8.5 with 1 M HCl and 1 M NaOH. The growth at each pH was performed at least in 
triplicate. Bacterial growth in the bioreactor was monitored by collecting small aliquots, from 
which optical density at 600 nm (OD600nm) was measured. These aliquots were also used to quantify 
the expression of the genes encoding the catalytic subunits of the denitrification enzymes, as well 
as to determine the nitrite and nitrate levels and for the activity assays (see below). 
The purity of the culture was evaluated in an optical microscope at the end of each growth. After 
48 h of growth, cells were harvested by centrifugation (Beckman Avanti J-26 XPI) at 7930 g for 
15 min. The pellet was resuspended in 50 mM Tris-HCl pH 7.6 (in a proportion of 1 g cells mL
-1
 
buffer) and degassed by argon bubbling prior to its storage at - 80 °C. 
 
2.3.2  Growth in sealed serum flasks  
The influence of pH was also analyzed in the absence of aeration using 100 mL serum flasks 
(pH 6.5 and 7.5), sealed with a rubber septum and aluminum caps containing 50 mL AWS liquid 
medium, supplemented as described above. The aerobically grown inoculum was transferred (10 % 
of total volume) with a syringe to the gas-tight flasks. Similar conditions to the bioreactor growth 
were used with the following modifications: there was no aeration during the growth and the 
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cultures were stirred in a shaker. Additionally, for the growths performed at pH 6.5, the pH was 
manually adjusted (pH variation between 6.5 and 6.9), while in the growths performed at pH 7.5, 
the pH was only monitored but not adjusted (pH variation between 7.30 and 7.65). 
At each time-point, the cell densities were measured at 600 nm on a spectrophotometer (Shimadzu 
UV 160U), nitrate and nitrite were quantified and the rates of nitric and nitrous oxide reduction by 
the whole-cells were measured and analyzed (see below). 
 
2.4 Nitrate and nitrite quantification  
Nitrate and nitrite quantifications during the growth of M. hydrocarbonoclasticus were performed 
using the Nitrate/Nitrite Assay Kit (Sigma), according to the manufacturer’s instructions. This 
method involves two separated reactions, one to detect nitrite and another for detection of both 
nitrate and nitrite 
194
. For colorimetric detection of these metabolites, two standard curves were 
prepared, one with nitrate and other with nitrite, in a concentration range of 0 to 100 µM. The 
culture sample was centrifuged at 1000 g for 15 min, to remove the insoluble material and 100 µL 
of the remaining solution were disposed in a 96 well plate for nitrite detection. In parallel, for 
nitrate and nitrite detection, 10 µL of nitrate reductase together with 10 µL of the enzyme 
co-factors were added to 80 µL of culture solution. The plate was incubated at RT for 2 h and then 
50 µL of Griess reagent A (sulfanilamide, prepared in acid solution) were added to each well 
followed by an incubation of 5 min. Lastly, 50 µL of Griess reagent B (1-naphthylethylenediamine, 
prepared in acid solution) were added to each well and incubated for 10 min, allowing the 
formation of a azo coupling between diazonium species. The absorbance was measured at 540 nm 
in a VersaMax ELISA Microplate Reader using the SoftMax Pro 6.4 software. 
 
2.5 Nitric oxide and Nitrous oxide reduction by whole-cells  
Whole-cell activity assays for nitric oxide and nitrous oxide reduction were performed inside an 
anaerobic chamber (MBraun) filled with argon gas (O2 < 3 ppm). 
Assays for nitric oxide reduction were performed with constant stirring, by adding 40 μL of 
M. hydrocarbonoclasticus cell suspension to a quartz cuvette already containing 120 μM methyl 
viologen and 60 μM sodium dithionite in 100 mM Tris-HCl pH 7.6 (in a final volume of 1 mL). 
The nitric oxide reduction assay was initiated with the addition of 100 µL NO-saturated water (to a 
final concentration of 9.6 μM).  
A similar assay was prepared for nitrous oxide reduction assay, but with 100 μM methyl viologen 
and 50 μM sodium dithionite in 100 mM Tris-HCl pH 7.6 (in a final volume of 1 mL), with the 
reaction initiated immediately (also without any further incubation) with the addition of 50 µL 
N2O-saturated water, to a final concentration of 1.25 mM (Figure 2.1). The assays were measured 
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spectrophotometrically, following the oxidation of reduced methyl viologen monitored at 600 nm 
in a diode array spectrophotometer (Agilent 8453). 
The measured activity was indirectly calculated as micromoles of NO or N2O reduced per minute 




) (see Section 2.5.1). 
 
Figure 2.1 - Kinetic traces of N2O and NO reduction assay by whole-cells, using methyl viologen as electron 
donor. In the assays, 40 µL of M. hydrocarbonoclasticus cell suspension (in a total volume of 1 mL) were 
added to a solution containing 100 µM (in the case of N2O assay) or 120 µM (in the case of NO assay) of 
reduced methyl viologen in 100 mM Tris-HCl pH 7.6, followed by addition of (A) 1.25 mM N2O-saturated 
water or (B) 9.6 µM NO-saturated water. The arrows indicate the addition point of cells and substrates. 
 
2.5.1 Data analysis – NO and N2O reduction by whole-cells 
The rate of NO and N2O reduction by whole-cells was indirectly measured through oxidation of 
methyl viologen. In the curve obtained, linear regressions were used to fit regions immediately 
before and after substrate addition. The slope of the fitting before substrate addition was subtracted 
to the slope obtained after substrate addition. The rates were determined taking into consideration 





determined at 600 nm 
175
. We also consider that methyl viologen re-oxidation requires one electron 
while N2O reduction involves two electrons and the reduction of two molecules of NO involves 
two electrons.  
Note that in this assay, the subtraction of the slope prior to the addition of substrate is particularly 
important as other enzymes might also use the reduced methyl viologen, causing partial oxidation 
even before the addition of substrate. 
As mention above, rates of NO and N2O reduction were reported as micromoles of NO or N2O 
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2.5.2 Kinetic parameters for the N2O reduction by whole-cells 
The dependence of N2O in the reduction rate by whole-cells was performed in a 1 mL quartz 
cuvette, containing 100 μM methyl viologen and 50 μM sodium dithionite in 100 mM Tris-HCl pH 
7.6, to which 3 μL of cells was added (containing 0.09 mg of total protein), collected by 
centrifugation at the end of the growth performed at pH 7.5 in a bioreactor. The assay was initiated 
by the addition of 20, 40, 80, 120, 250 and 752 μM of N2O-saturated water. Triplicates for each 
substrate concentration were performed. Activities were calculated as described above (see 




 of total protein (determined using the 
Pierce™ 660nm protein assay, Section 2.9.1). The parameters Km and Vmax were calculated by 
fitting the curve with Michaelis-Menten kinetics (Equation 2.1):  
                                                                 
         
       
                                                                   (2.1)           
 
2.6 Quantification of gene expression and cotranscriptional analysis of nos cluster  
2.6.1 Nucleic acid extraction and cDNA generation  
RNA, from samples of bioreactor cultures taken at different time-points, was isolated using the 
Isolate II RNA mini kit (Bioline), according to manufacturer’s instructions. Genomic DNA 
contamination was removed by on-column digestion with DNase I, supplied with the kit. RNA 
yields were determined at 260 nm and purity was estimated by determining the A260nm/A280nm and 
A260nm/A230nm ratios. To generate cDNA, 500 ng of each RNA sample was reversely transcribed 
using the SensiFAST cDNA Synthesis Kit (Bioline), using the following conditions: 10 min at 
25 °C, followed by 15 min at 42 °C and 5 min at 85 °C (for enzyme inactivation). cDNAs were 
diluted (1:100) and stored at - 80 °C until further use. DNA used in standard curves was extracted 
from a sample of the bioreactor culture taken during the exponential phase, using the Isolate II 
Genomic DNA Kit (Bioline), according to the manufacturer’s instructions. 
 
2.6.2 Quantitative Real-Time PCR  
Expression of M. hydrocarbonoclasticus genes involved in the denitrification pathway - narG, 
nirS, c-norB (MARHYR3054), q-norB (MARHY3014), nosZ, nosR, nosD, nosL, senC, 
MARHY1049, MARHY1380, MARHY1479 - was analyzed by quantitative real-time PCR (qPCR). 
Reactions were performed using SensiFAST™ SYBR No-ROX Kit (Bioline) with specific primers 
for each gene at 250 nM (Table 2.1) and 3 L of cDNA. Gene expression levels were determined 
using the relative standard curve method 
195
, which uses standard curves to interpolate unknown 
quantity values from a sample. This was performed using DNA standard curves, as previously 
described 
196
. Briefly, for each target, as well as for the control (16S rRNA), a standard curve was 
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generated using serial dilutions of genomic DNA. The amount of cDNA of each target and control 
gene, present in every sample, was determined from their respective DNA standard curve, through 
conversion of the obtained threshold cycle (Ct) value 
195, 196
. Relative normalized expression values 
were then obtained by dividing the values for each target gene by the values for the control gene 
(16S rRNA). Several housekeeping genes that have been described for other bacteria as stable 
endogenous controls for quantitative gene expression were also tested (gyrA, proC, recA, rpoD, 
data not shown) 
197-199
, but did not provide stable results. Thus, the housekeeping 16S rRNA gene 
was used as endogenous control as its expression remained relatively stable, during the different 
growth phases (data not shown). This gene has been commonly used as the control gene for qPCR 
in many studies 
200-202
. Primers were designed using Primer3 software 
203
 (Table 2). “No template” 
and “RT minus” (a reverse transcription reaction containing all reagents except the reverse 
transcriptase enzyme) controls were also included in every PCR assay. Reactions were run in 
duplicate in a Corbett Rotor-Gene instrument (Qiagen) using the following thermal cycling 
conditions: 95 °C for 5 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 30 s. Analysis of 
melting curves generated by the stepwise increase of the temperature from 60 °C to 95 °C, were 
used to verify the specificity of the amplified products. Three biological replicates were analyzed 
but not at the exact same time points, thus a single representative experiment is shown (similar 
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Table 2.1 - Primers used for qPCR analysis of the denitrification genes in M. hydrocarbonoclasticus, and 
some of the accessory genes associated with N2OR. 



































































2.6.3 Cotranscriptional analysis of nosRZDFYL 
From a sample collected during the exponential phase of M. hydrocarbonoclasticus growing in a 
bioreactor performed at pH 7.5, 2 µg of total RNA were used to generate cDNA (as described in 
Section 2.6.1). 
To determine if nosRZDFYL is composed of a single transcriptional unit, PCR reactions were 
performed using 6 L of generated cDNA and NZYTaq DNA polymerase (Nzytech) with primers 
that would amplify regions between nosR and nosZ (nosR_F/nosZ_R), nosZ and nosD 
(nosZ_F/nosD_R) and nosD to nosL (nosD_F/nosL_R) (Table 2.1). Amplification products and 
also controls (genomic DNA and RT minus reaction) were analyzed in an agarose (1 %) gel 
electrophoresis, run at 100 V for 20 min and staining with SYBR® Safe solution (Invitrogen). 
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2.7 Proteomic analysis of membrane fractions  
The M. hydrocarbonoclasticus cells were harvested from the growth performed at pH 6.5 and 7.5 
in the bioreactor, diluted 5 times and homogenized in the presence of DNAse I endonuclease 
(Roche) and protease inhibitor cocktail (EDTA free cOmplete™ Protease Inhibitor, Roche). The 
cells were lysed in a french press (Thermo-FA-080A) at 1200 psi and then centrifuged (Beckman 
Avanti J-26 XPI) at 3000 g for 30 min at 4 °C. The cell debries were discarded and the supernatant 
was ultracentrifuged (Beckman Coulter Optima LE-80k centrifuge) at 185000 g for 1 h at 4 °C to 
separate the soluble and membrane fractions. The membrane fractions obtained from each growth 
were resuspended in 10 mM Tris-HCl pH 7.6. 
 
2.7.1 Sample preparation for 2D gel 
The membrane fractions (obtained from the growth performed at pH 6.5 and 7.5) were precipitated 
with trichloroacetic acid (TCA) in a 1:1 ratio followed by 30 min incubation on ice. Then, this 
sample was centrifuged (Hermle Z32HK) at 9290 g 15 min at 4 °C and the supernatant was 
discarded. The pellet was washed with ice-cold acetone and centrifuged again at 12850 g for 5 min 
at 4 °C to ensure that all TCA was removed. The supernatant was discarded and the pellet was left 
to dry.   
The protein pellet was solubilized in a rehydration solution containing 7 M urea, 2 M thiourea, 
2 % w/v CHAPS, 1 % v/v IPG buffer (GE), 0.002 % w/v bromophenol blue and 0.28 % w/v 
dithiothreitol (DTT). The total protein content was determined by the Pierce™ quantification kit 
(Thermo scientific) (see below, Section 2.9.1). The 7 cm imobiline dry strips (GE), with a pH range 
3-10 non-linear or in the 4-7 range, were rehydrated with 80 μg of the solubilized protein sample 
for 16 h. 
 
2.7.2 Two-Dimensional gel electrophoresis  
An Ettan IPGphor 3 unit (GE) was used for the electric focusing. A four-step program (step 1 - 1 h 
and 30 min at 300 V, step 2 – 30 min in a voltage gradient up to 1000, step 3 – 1 h and 30 min in a 
voltage gradient up to 5000 V and step 4 - 1 h and 30 min at 5000 V) were run for 5 hours in a total 
of 12.8 kV. The strips were removed and equilibrated in two steps before the second dimension. An 
equilibrium solution containing 6 M urea, 0.05 M Tris-HCl pH 8.8, 30 % v/v glycerol, 2 % w/v 
SDS and 0.002 % w/v bromophenol blue was used in the first step with addition of 10 mg mL
-1
 
DTT and shaked during 10 min followed by a similar second step containing 25 mg mL
-1
 
iodoacetamide (Amersham) instead of DTT.  
For the second-dimension, the equilibrated strip was applied on top of a 10 % SDS-PAGE. The gel 
was sealed with 1 % w/v agarose in the electrophoresis running buffer, containing 0.025 M 
Tris-HCl, 0.192 M glycine, 0.2 % w/v SDS and 0.02 % w/v bromophenol blue. The gel ran at a 
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constant voltage of 80 V for 15 min, followed by 150 V for 45 min. The gel staining was 
performed overnight with colloidal Coomassie blue solution containing 5 % w/v aluminium sulfate, 
10 % v/v ethanol, 0.02 % w/v colloidal bromophenol blue G250 and 2 % v/v ortophosphoric acid. 
For distaining a solution of 10 % v/v ethanol and 2 % v/v ortophosphoric acid was used. 
 
2.7.3 Gel analysis  
Gels were digitalized in an ImageScanner (GE) and analyzed using the ImageMaster 7.0 software 
(GE). The spots were identified and compared between gels of the membrane fraction at different 
pH growth, in terms of matching (showing different relevant intensity) and differential spots. 
 
2.8 Isolation of nitrous oxide reductase and its physiological redox partner  
2.8.1  Nitrous oxide reductase  
N2OR was isolated in the presence or in the absence of oxygen (in an anoxic chamber, 2 % H2 in 
Ar atmosphere, Coy Labs), since differences in the “CuZ center” content were attributed to 
prolonged exposure of the enzyme to oxygen 
21, 24, 132
. 
Each purification step was monitored through UV-visible spectroscopy and by 12.5 % SDS-PAGE 
(staining with Coomassie blue and for heme proteins 
204
) to evaluate N2OR purity.  
Spheroplasts were prepared with the cells collected from each bioreactor growth. To the cell 
suspension, under stirring, DNAse I (Roche) and protease inhibitors (EDTA free cOmplete™ 
Protease Inhibitor, Roche) were added followed by cold dH2O (5 times over total cells volume). 
Then, EDTA was added (to a final concentration of 0.5 mM) and the suspension was incubated 
under stirring for 30 min at RT. Periplasmic and cytoplasmic fractions were separated by 
centrifugation at 32816 g for 1 h in a Beckman Coulter centrifuge (Avanti J-26 XPI). N2OR was 
















Figure 2.2 - SDS-PAGE (12.5 % polyacrylamide) analysis of periplasmic fractions obtained from 
M. hydrocarbonoclasticus growths in bioreactor at different pH values, Coomassie blue stained (A) and heme 
stained (B). Lanes M - marker, 1 – growth at pH 6.5, 2 – growth at pH 7.5, 3 – growth at pH 8.5. The gels 
were run for 1 h at 150 V. 
 
The resulting periplasmic extract was loaded onto an anionic exchange DEAE FF column 
(Ø 2.6 cm x 14 cm, GE), previously equilibrated with 10 mM Tris-HCl pH 8.0. After washing out 
the unbound proteins, a linear gradient, from 0 to 300 mM NaCl in 10 mM Tris-HCl pH 8.0, was 
applied during 200 min at 3 mL min
-1
 to elute the bound proteins. The fractions containing N2OR, 
eluted with approximately 200 mM NaCl, were combined and dialyzed overnight against 10 mM 
Tris-HCl pH 8.0 or diluted 10 times with 10 mM Tris-HCl pH 8.0 (dilution is used when the 
purification was performed under anoxic conditions). As second purification step, an anionic 
exchange Source 15Q chromatographic column (Ø 2.6 cm x 13 cm, GE) or as alternative a 
HitrapQ FF chromatographic column of similar dimensions was used, equilibrated with 10 mM 




N2OR was eluted with an increasing ionic strength step gradient, 
from 0 to 300 mM NaCl in 10 mM Tris-HCl pH 8.0 over 180 min. The N2OR-containing fractions 
were combined and concentrated under argon atmosphere at 4 ºC, using a Vivacell (Sartorius) 
apparatus with a YM30 membrane. When necessary, an additional step was performed, in which 
the N2OR fraction was loaded onto a Superdex 200 column (GE) equilibrated with 50 mM 
Tris-HCl pH 8.0, 150 mM NaCl. Purified N2OR fractions were immediately frozen in liquid 
nitrogen in the form of little spheres and stored also in liquid nitrogen until further use. Analysis of 
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Figure 2.3 - SDS-PAGE (12.5 % polyacrylamide) of the fractions obtained after each chromatographic step 
of N2OR purified under anoxic conditions, from a M. hydrocarbonoclasticus growth performed at pH 7.5. 
Lanes M - marker, 1 - periplasm, 2 – fraction after DEAE FF, 3 – fraction after Hitrap Q FF, 4 – fraction 
after Superdex 200. The gel ran for 1 h at 150 V and was stained with Coomassie blue. 
 
2.8.2  Cytochrome c552  
Cytochrome c552, present in the periplasm, has a pI near 7, and therefore lower affinity to an anionic 
exchange DEAE FF column equilibrated with 10 mM Tris-HCl pH 8.0, coming out in the 
flow-through. The unbound proteins from this column were collected and concentrated using a 
Vivacell (Sartorius) apparatus over a YM5 membrane, at 4 ºC under argon atmosphere. The 
concentrated fraction was loaded onto a Superdex 75 column (10/600 GL, GE) equilibrated with 
50 mM Tris-HCl pH 7.6, 150 mM NaCl. The fractions of pure cytochrome c552 were combined 
based on a high purity ratio (Abs410nm/Abs280nm), above 5.8. 
Pure fractions were loaded onto a PD-10 desalting column (GE) equilibrated with 20 mM Tris-HCl 
pH 7.6, for buffer exchange and then divided into small aliquots and stored at - 80 ºC. The 
concentration of cytochrome c552 was determined spectrophotometrically, based on the ascorbate 
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Figure 2.4 - UV-visible spectra of cytochrome c552 (3.6 μM) as prepared (dashed line) and reduced with 
sodium ascorbate (solid line). Insert: SDS-PAGE (12.5 % polyacrylamide) of the purified cytochrome c552 
(lane 1), stained with Coomassie blue. 
 
2.9  Analytic methods used in nitrous oxide reductase studies 
2.9.1  Determination of total protein concentration  
Total protein content was measured by the modified Lowry method 
206
 or when referred, by the 
Pierce™ 660nm protein assay reagent (Thermo Scientific). 




) by the protein at an 
alkaline pH (biuret reaction) and the formation of a complex between Cu
1+
 and the protein in the 
presence of Folin-Ciocalteau reagent, exhibiting an absorption maximum at 750 nm. Briefly, 
100 μL of protein were incubated with 400 µL Biuret solution for 10 min and then, 3.5 mL of 
2.3 % w/v sodium carbonate was added followed by 100 μL of Folin-Ciocalteau commercial 
solution. The mixture was incubated for 30 min and the absorbance measured at 750 nm in a 
spectrophotometer (Shimadzu UV-160A). Bovine serum albumin was use as standard, in a 
concentration range between 0 and 0.3 mg mL-1.  
Pierce™ 660nm protein assay reagent was used for samples containing reducing agents or to 
quantify samples with small volumes. This method consists in addition of 150 μL of Pierce™ 
reagent to a 10 µL of protein sample and bovine serum albumin standards (concentration range 
between 0 and 0.3 mg mL
-1
) followed by incubation of the mixture for 5 min at RT. After that time, 
absorbance was measured at 600 nm in a nanodrop (Thermo Scientific). 
 
2.9.2  Sulfide determination  
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of 50 mM N,N-dimethyl-p-phenylenediamine oxalate in 7.2 M HCl followed by addition of 10 µL 
of 100 mM FeCl3 in 1.2 M HCl. The samples were incubated for 20 min to allow the formation of 
methylene blue and then centrifuged (5 min at 14000 g) to remove the precipitated protein. The 
methylene blue, formed in the presence of sulfide, was measured at 667 nm. A fresh solution of 
Na2S.9H2O was used as standard (concentration range between 0 and 50 µM) and evaluated using 
the same protocol. 
 
2.9.3  Copper quantification  
Copper content was determined following a modified protocol of Hanna et al. 
208
. In this method, 
the Cu
 
(I) forms a complex with 2, 2'-biquinoline in an acetic acid medium.  
A sample of 100 μL of N2OR was mixed with 300 μL of 20 mM sodium ascorbate (freshly 
prepared in 100 mM potassium phosphate at pH 6.0) and incubated for 30 min at RT. Then, 600 μL 
of 2,2'-biquinoline solution (0.5 mg mL
-1
), prepared in glacial acetic acid, was added. The samples 
were incubated for 10 min prior to the measurement of the absorbance at 546 nm. A solution of 
copper (II) acetate, prepared in deionized water, was used as standard for the construction of a 
calibration curve, between 0 and 24 μM and used to determine the copper concentration in N2OR.  
Copper content was also frequently determined by Inductively Coupled Plasma emission analysis 
(ICP) in a Jobin-Yvon (Ultima) instument. ICP 23multielements (Reagecom) standard were 
prepared in a concentration range of 0 to 3 ppm. ICP analysis was performed as an internal service 
in LAQV – Atomic emission spectroscopy, Faculty of Sciences and Technology – Nova University 
of Lisbon. 
 
2.10 Spectroscopic methods  
2.10.1 Visible spectroscopy 
The visible spectra of different isolated forms of N2OR from M. hydrocarbonoclasticus were 
recorded on a UV-1800 spectrophotometer (Shimadzu). Each purified N2OR sample was reduced 
with either 100 mM sodium ascorbate, 200 mM sodium dithionite or oxidized with a solution of 
10 mM potassium ferricyanide.  
N2OR concentration was recurrently determined spectrophotometrically, as it was rather difficult to 
have a pure protein sample (see Figure 2.3). Determination of the concentration was based on the 





for CuZ*(4Cu1S) at 640 nm, in its sodium dithionite reduced form 
91
. The extinction coefficient of 





at 670 nm also for the sodium dithionite reduced spectra. This estimate was based on the total 
protein content determined by modified Lowry method, and the copper content determined by 
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2, 2'-biquinoline method (see Section 2.9). Note that all values of N2OR concentration along this 
thesis are referred to the monomeric form. 
 
2.10.2 Electron Paramagnetic Resonance spectroscopy  
EPR tubes containing N2OR (~ 150 μL at 200 μM) purified from the M. hydrocarbonoclasticus 
growths performed at pH 6.5, 7.5 and 8.5 were incubated with 10 mM potassium ferricyanide, 
100 mM sodium ascorbate, 500 mM sodium dithionite and methyl viologen under anaerobic 
conditions.  
The EPR spectra of each sample were recorded on a X-band Bruker EMX spectrometer equipped 
with a rectangular cavity (model ER 4102T) and an Oxford Instruments continuous liquid helium 
flow cryostat, operating at 30 K. Experimental conditions were as follows: microwave frequency, 




2.10.2.1 Spin quantification 
The spin of each sample was quantified relative to the sodium dithionite reduced sample, assuming 
a spin of 1 in that condition, as previously described in 
91, 132
.  
Briefly, the area of each EPR spectra, obtained for the different oxidation states, was integrated 
(using the second derivative spectrum) and related to the integrated area of sodium dithionite 
reduced spectra of each preparation. In the dithionite reduced sample, CuA center is reduced being 




] containing one unpaired 
electron and therefore we assume a total spin of 1 for this sample. Spin quantification of other 
redox forms were related to this sample. 
As an example, a sample with 100 % of “CuZ center” as CuZ*(4Cu1S) has a total spin of 1 in its 
reduced form (with either sodium ascorbate or sodium dithionite), and a total spin of 2 in its fully 
oxidized state (CuA center and “CuZ center” having one unpaired electron each).  
 
2.11 Steady-state kinetics  
All the procedures to activate N2OR and the N2O reduction assays were performed inside an 
anaerobic chamber (MBraun) at RT and monitored by oxidation of the redox mediator present, 
using a TIDAS diode-array spectrophotometer. 
 
2.11.1  Enzyme activation and activity assay in the presence of reduced methyl viologen  
Initially, the effect of time of incubation with methyl viologen in the activation of N2OR was 
tested. N2OR (70 nM) was incubated for 600 min in the presence of 100 µM reduced MV in 100 
mM Tris-HCl pH 7.6.  During the incubation time, samples of 950 µL of the mixture were taken 
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and reacted with 1.25 mM N2O in a stirring quartz cuvette. The oxidation of methyl viologen was 
followed at 600 nm as previously describe by Dell’Acqua et al 
122
.  
In most of the assays performed, the maximum specific activity of N2OR was observed after 3 h 
incubation (Figure 2.5). All the following activation assays were performed with at least 3 h 
incubation under these conditions.   
 
Figure 2.5 – Specific activity of N2OR, with 65 % of “CuZ center” as CuZ*(4Cu1S), as a function of 
incubation time with reduced MV as electron donor. N2OR (70 nM) from M. hydrocarbonoclasticus was 
incubated in the presence of 100 μM MV and 50 μM sodium dithionite in 100 mM Tris-HCl pH 7.6. Each 
reaction was initiated by the addition of 1.25 mM N2O-saturated water and followed at 600 nm. 
 
Therefore, in the activity assays, N2OR (70 nM) was incubated in the presence of 100 μM reduced 
MV in 100 mM Tris-HCl pH 7.6 for 3 h. The reaction was initiated by the addition of 1.25 mM 
N2O (Figure 2.6). An identical assay, but without pre-activation of the enzyme with MV, was also 
performed for the protein isolated from each batch (Figure 2.6).  
 
Figure 2.6 - Example of steady-state kinetic traces of N2OR using reduced MV as electron, with its oxidation 
followed at 600 nm. The reactions were initiated by the addition of 1.25 mM N2O-saturated water. The 
arrows indicate the addition point of N2OR and N2O. Kinetic traces with pre-activated N2OR are represented 
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Specific activity was indirectly calculated, because N2O or N2 are not measured, (see 






The specific activity of the pre-activated enzyme (after 3 h incubation with reduced MV) was 
performed for each preparation and can be related with its percentage of CuZ*(4Cu1S). This 
relation was established through the combination of specific activity and EPR spin quantification 
(see section 2.10.2.1) of a sample containing the highest amount of CuZ*(4Cu1S) observed so far. 





N2OR. Considering this relation, the percentage of CuZ*(4Cu1S) in other 
preparations was extrapolated from the specific activity calculated (see Section 2.11.4) and 
reported for each assay performed. 
 
2.11.2 N2OR activation  
Activity assays of N2OR with ascorbate or cytochrome c552 were performed in the absence of MV. 
In these assays, N2OR (60 μM) were reduced with 100 equivalents of reduced MV in 100 mM 
Tris-HCl pH 7.6 for 3 h and desalted into 100 mM Tris-HCl pH 7.6 with a NAP-5 Sephadex 
G-25 column (GE). 
 
2.11.3 Activity assay in the presence of cytochrome c552  
The N2OR activity was also investigated in the presence of its physiological redox partner, 
cytochrome c552. The reduction of cytochrome c552 (400 µM) was performed under the presence of 
oxygen incubating the protein with 5 mM sodium ascorbate for 5 min, followed by desalting in a 
PD-10 Sephadex G-25 column (GE) equilibrated with 100 mM Tris-HCl pH 7.6. Afterwards it was 
placed inside an anaerobic chamber. Concentration of the reduced cytochrome was determined 
spectrophotometrically as previously described in Section 2.8.2. 
The activity assay was performed using a stirred cuvette already containing 10 μM cytochrome c552 
in 100 mM Tris-HCl pH 7.6 and 1.25 mM N2O-saturated water, and initiated by addition of 70 nM 
of pre-activated N2OR, with 25 % or 90 % of “CuZ center” as CuZ*(4Cu1S) (Figure 2.7). The 
reaction progress was monitored at 552 nm and the activity determined (see Section 2.11.4). 
Additionally, a non-activated 50 µM N2OR,  with 10 % of “CuZ center” as CuZ*(4Cu1S), was 
reduced with 5 mM sodium dithionite for 1 h and desalted using a NAP-5 Sephadex G-25 column 
(GE) equilibrated with 100 mM Tris-HCl pH 7.6. Dithionite reduced N2OR (70 nM) was added to a 
stirring cuvette containing 7 µM cytochrome c552 and 1.25 mM N2O. The reaction progress was 
monitored for 3 h at 552 nm and the activity determined (see Section 2.11.4). In the end of the 
assay, potassium ferricyanide was added to fully oxidize the cytochrome c552. 
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Figure 2.7 - Example of steady-state kinetic traces of N2OR in the presence of physiological redox donor 
(cytochrome c552), followed at 552 nm. (A) Activity assay initiated by 70 nM activated N2OR, with 90 % of 
“CuZ center” as CuZ*(4Cu1S), in a cuvette containing 1.25 mM N2O and 10 µM cytochrome c552. (B) 
Activity assay initiated by dithionite-reduced N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S) in a cuvette 
containing 1.25 mM N2O and 7 µM cytochrome c552. Insert: Absorbance in the initial seconds (20 - 220 s) 
evidencing the addition of N2OR. The arrows indicate the addition of N2OR, cytochrome c552 and N2O. 
           
2.11.4  Data analysis – Reduction rates of N2O 
Similarly to rates of N2O reduction by whole-cells, specific activity of N2OR is also indirectly 
measured through the oxidation of the reduced methyl viologen or cytochrome c552. Curve 
progression immediately after the addition of substrate was analyzed and fitted with a linear 
regression, being the slope used for the calculation. Additionally, to calculate the rate of methyl 
viologen or cytochrome c552 re-oxidation it was necessary to consider its extinction coefficient, 




, determined for methyl viologen at 600 nm 
175





determined for cytochrome c552 at 552 nm 
205
. Note that both methyl viologen and cytochrome c552 
required only one electron loss to become oxidized while one molecule of N2O requires two 
electrons in its reduction and thus for the calculation of reduction rates of N2O it was also 
necessary to take this into consideration. The oxidation rate of electron donors immediately prior to 
the substrate addition was taken into consideration for the calculation of the reduction rates of N2O. 
Indeed, the slope immediately before the substrate addition was subtracted to the slope determined 
after the addition of substrate. This was particularly important in activity assays in which the 
reduction rates of substrate are small. 
Afterwards these rates are divided by the amount of N2OR used in the assay, and thus specific 
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2.11.5 Effect of pH on the activation of the N2OR  
As-purified N2OR (7 μM) from M. hydrocarbonoclasticus, with 40 % of “CuZ center” as 
CuZ*(4Cu1S) was incubated for 3 h with 10 mM methyl viologen and 5 mM DT in 100 mM of 
different buffer solutions: MES pH 5.5, MES pH 6.5, Tris-HCl pH 7.6, Tris-HCl pH 8.5, CHES pH 
9.5, CHES 9.7 or CAPS pH 10.4.  
In the activity assay, 10 µL of the activated mixture were added to a stirring 1 mL quartz cuvette 
containing 100 mM Tris-HCl pH 7.6 followed by addition of 1.25 mM N2O. At least triplicate 
assays were performed. Specific activities were calculated as previously described (see Section 





Specific activity vs pH was fitted with an equation of a bell-shaped and two pKa were determined 
(Equation 2.2): 
 
                                                      
           
                         
                                          (2.2) 
 
The effect of activation by an alkaline buffer solution was examined by dialysis of 7 µM N2OR 
with 20 % of “CuZ center” as CuZ*(4Cu1S) in 50 mM CHES pH 9.7 for 24 h at 4 ºC under 
anaerobic conditions. In parallel, a control assay was performed similarly using a dialysis buffer 
with 50 mM Tris-HCl pH 7.6.  
Spectra were collected during the incubation time and at each time-point the specific activity was 
spectrophotometrically measured in a 1 mL quartz cuvette containing 100 mM Tris-HCl pH 7.6, 
100 μM reduced methyl viologen, followed by addition of 1.25 mM N2O, without prior incubation. 
The spectrum acquired after 24 h was oxidized with an aliquot of 10 mM potassium ferricyanide 
solution. 
 
2.12 Time dependent kinetic assays of N2OR 
The following experiments were performed inside an anaerobic chamber (MBraun) at RT, except 
the direct reduction of oxidized N2OR with sodium ascorbate (Section 2.12.1). All the time 
dependent reactions were followed by visible spectroscopy (between 350 – 900 nm), using a 
TIDAS diode-array spectrophotometer connected to optical fibers (inside the anaerobic chamber) 
or using a diode array spectrophotometer (Agilent 8453). 
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2.12.1 Direct reduction of oxidized N2OR with sodium ascorbate  
Different forms of N2OR, with 80 % or 10 % of “CuZ center” as CuZ*(4Cu1S), were fully 
oxidized by addition of 10 mM potassium ferricyanide and desalted using a PD10 Sephadex G-25 
column (GE) equilibrated with 100 mM potassium phosphate pH 7.6.  
Fully oxidized 17 μM N2ORs in 100 mM potassium phosphate pH 7.6 were reduced with 0.5 mM 
or 7.5 mM sodium ascorbate in a stirring 1 mL quartz cuvette. Spectra were recorded every second 
in a diode array spectrophotometer (Agilent 8453). In parallel, an identical experiment was 
performed in which reduction was followed after addition of 0.5 mM of sodium ascorbate and 
5 μM of 2,3,5,6-tetramethyl-1,4-benzenediamine (DAD), which was prepared in 20 % ethanol. 
 
2.12.2 CuZº formation and decay at different pH 
N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S) was fully reduced (see Section 2.11.2) and 
desalted in a NAP-5 column to a buffer solution, containing 20 mM of MES, HEPES, CAPS and 
TAPS adjusted to pH 6.0, 7.6, 8.5, 9.0, 9.5, 9.7 or 10.0. The activated protein was quantified by the 
Pierce™ method (see Section 2.9.1). 
Reaction of fully reduced N2OR (~ 20 μM) with a stoichiometric amount of N2O was used to form 
the CuZº species and the reaction was followed spectrophotometrically in a time dependent assay. 
The data were fitted to a one-phase exponential decay function.  
Copper content of the enzyme before the activation and also after the assay was determined for the 
assay at pH 7.6, using the 2, 2'-biquinoline method (Section 2.9.3). The decay of the CuZº at 
pH 7.6 was followed by steady-state kinetics assays and the activity determined per total protein, 
determined by the Pierce method. 
 
2.12.3 Formation of new intermediate species 
In a typical assay of CuZº decay, performed in potassium phosphate buffer at pH 7.6, 22 μM fully 
reduced N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), was reacted with an approximately 
stoichiometric amount of N2O and at the end of the reaction the sample was oxidized by addition of 
a small amount (~ 5 µL) of a solution of 10 mM potassium ferricyanide. Desalting of the oxidized 
sample was performed on a NAP-5 column (GE) equilibrated with 100 mM potassium phosphate 
pH 7.6, to remove the excess of potassium ferricyanide. The spectrum of desalted N2OR was 
recorded and afterwards the sample was kept outside of the anaerobic chamber at 4 °C. The 
spectrum was recorded 3 days later (outside of the anaerobic chamber) in a UV-1800 
spectrophotometer (Shimadzu). A similar assay was later performed, in which the spectra of 
oxidized N2OR after desalting was monitored for 15 h inside the anaerobic chamber. 
In a parallel assay, the reaction of 20 μM fully reduced N2OR, with 80 % of “CuZ center” as 
CuZ*(4Cu1S), in the presence of sodium ascorbate (366-fold excess over the enzyme) without N2O 
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was also monitored for 60 min. After this time, N2OR was oxidized with a solution of 100 mM 
potassium ferricyanide, followed by reduction with 100 mM sodium ascorbate and after that with 
100 mM sodium dithionite. 
 
2.12.4 Reduction of CuZ° by sodium ascorbate  
N2OR with 60 % or 80 % of “CuZ center” as CuZ*(4Cu1S) was activated and used to form CuZº, 
in 100 mM phosphate pH 7.6, as described in Section 2.12.2. This reaction was performed as a 
control for the following assays. The reduction was monitored spectrophotometrically by visible 
spectroscopy for at least 1 h on a TIDAS diode-array spectrophotometer connected to optical 
fibers.  
Two reduction assays of CuZº with ~ 400-fold or ~ 16-fold excess of sodium ascorbate over the 
enzyme were performed in 100 mM potassium phosphate pH 7.6. In the first assay, to a 1 mL 
stirring cuvette containing 20 μM fully reduced N2OR, with 80 % of “CuZ center” as 
CuZ*(4Cu1S), 36 μM N2O were added (time set to 0 s), followed by the addition of sodium 
ascorbate (366-fold excess over the enzyme) after 37 s. The second assay was identical, containing 
30 μM N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), being initiated by the addition of 
32 μM N2O, followed by the 490 µM sodium ascorbate (~16-fold excess) after 30 s. Spectra were 
collected during 120 min in both assays and the absorbance at 482 and 683 nm were analyzed, 
normalized and fitted. 
A parallel assay was performed, in which 30 μM fully reduced N2OR, with 60 % of “CuZ center” 
as CuZ*(4Cu1S), was added to a 1 mL stirring cuvette containing already 200 μM N2O and 10 mM 
sodium ascorbate in 100 mM phosphate pH 7.6. Spectra of the reaction were also recorded as in a 
time dependent assay.  
Control experiments in the presence and absence of sodium ascorbate were performed. 
 
2.12.4.1 Data analysis – normalization for kinetic fitting 
Time dependent assays were normalized for the kinetic fittings. In the case of the assay with N2OR 
mainly with CuZ(4Cu2S), this center was time dependent normalized at 550 nm, taking into 
consideration that 47 % of the total absorbance at this wavelength is due to the contribution of the 
CuA center (previously determined by the subtraction of an ascorbate reduced spectrum from a 
totally oxidized CuZ(4Cu2S) spectrum).  
In the sample containing mainly CuZ*(4Cu1S), CuA was normalized at 482 nm, as no other 
features overlap at this wavelength. For CuZ*(4Cu1S) center, data was collected at 653 nm but at 
this wavelength CuA center contributes to the changes with time. Therefore, CuA center 
contribution at each time for the 653 nm features was subtracted based on the amount of CuA 
center present (35 %). The contribution of CuA center to the oxidized N2OR spectra with 90 % of 
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“CuZ center” as CuZ*(4Cu1S) were obtained by subtracting the features of CuZ*(4Cu1S). 
Similarly, a contribution of the CuA center (50 %) to CuZº, at 683 nm, was also determined and 
considered in the fittings analysis. 
The fit of the data was performed by the kinetic Tenua program using the experimental parameters 
determined. The correlation coefficient was determined by the least square method. 
 
2.13  Crystallization and data collection  
All the crystallization experiments were performed in an anaerobic chamber, 2 % H2 in Ar 
atmosphere and < 1 ppm O2 (Coy Labs).  
N2OR crystals were grown by the sitting-drop vapour diffusion method, using 1 µL protein sample 
(10 mg mL
-1
), in different redox states, and an equal volume of reservoir solution (0.1 M Bicine 
pH 9.5, 18 % w/v PEG 4000, 10 % v/v isopropanol, 0.6 M NaCl and 0.01 M spermidine as 
addictive), similar to the conditions used by Brown et al 
91, 125
. This condition was refined by 
gradients of NaCl (0.2 to 1 M) and isopropanol (5 to 25 %) concentrations, as well as pH of the 
buffer (from 8.0 to 9.5), though most of the crystals obtained were grown only with slight 
variations of the initial conditions. Nevertheless, spermidine was found not to be essential for the 
growth of the crystal. Purple and blue crystals were obtained after 3 - 4 days at 25 °C or 20 °C with 
a flower or diamond shape.  
Attempts were made to crystallize different forms of the enzyme with 10 %, 50 % or 90 % of “CuZ 
center” as CuZ*(4Cu1S), as well as crystallization of different redox states by incubating N2OR 
with sodium dithionite or reduced methyl viologen and also in the presence of ligands as iodide. 
Soaking experiments of N2OR crystals by incubation with potassium iodide for 2 h and 4 h were 
also performed, however the data collected did not exhibit electron density for the presence of 
iodide. As most of the crystals obtained were small or the diffraction was not good, the microseed 
technique was used as an attempt to increase the number of crystals or improve their size. This 
technique uses a crystal seed for the growth of other crystals and was performed by adaptation of a 
protocol from Hampton research (seed Bead™ kit), based on 
209
. The number of seeds was 
optimized by testing different dilution of the seed. The number of crystals and their size improved 
but a high resolution diffraction pattern was not obtained. 
For data collection, N2OR crystals were transferred to cryoprotectant solution (reservoir solution 
supplemented with 15 % v/v ethylene glycol) and flash-cooled in liquid nitrogen. X-ray diffraction 
data were collected on beam lines PXI and PXII at the Swiss Light Source, Paul Scherrer Institute, 
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Table 2.2 - Crystallographic data collection of N2OR from M. hydrocarbonoclasticus. 
 
Blue crystal 
90 % as CuZ*(4Cu1S) 
Purple crystal 
10 % as CuZ*(4Cu1S) 
Space group P61 P61 
Wavelength [Å] 1.000 1.000 
Cell constants a, b, c [Å] 
                       α, β, γ [°] 
211.3; 211.3; 164.5 
90; 90; 120 
210.5; 210.5; 165.1 
90; 90; 120 
Resolution limits [Å]  49.0 (2.4) 48.8 (1.9) 
Completeness (%) 100.0 (99.9) 100.0 (99.9) 
Unique reflections 162 407 (7998) 325 029 (2046) 
Multiplicity (%) 21.2 (20.9) 20.8 (20.6) 
Rmerge  0.218 (1.266) 0.223 (3.444) 
Rp.i.m. 0.048 (0.288) 0.050 (0.746) 
Mean I/ σ(I) 14.1 (2.9) 13.8 (1.4) 
Mosaicity 0.10 0.06 
 
2.13.1 Structure and refinement  
The datasets obtained were integrated and scaled by XDS 
210
 and AIMLESS 
211
 (CCP4: Supported 
program 
212
). The structure was solved by molecular replacement, in MOLREP 
213
, using a refined 
model of a monomer of M. hydrocarbonoclasticus N2OR. The models were manually rebuilded on 
coot software 
214
 and refined with REFMAC5 
215





2.14  Reduction potential  
2.14.1  Potentiometric redox titration  
All the redox titrations of N2OR, were performed in an anaerobic chamber (MBraun) at 20 ± 2 ºC. 
The redox electrode (Crison), which combines a platinum wire and a reference Ag/AgCl electrode, 
was calibrated in 0.5 mM NH4Fe(SO4)2·12H2O, 10 mM EDTA and 100 mM CH3COONa at pH 5.0 
by the addition of 10 and 15 μL of 100 mM (NH4)2Fe(SO4)2·6H2O. The potential measurements 
allowed the determination of a slope of + 59 mV and the difference between the measured and the 
expected potential (+ 108 mV vs SHE) was further used to correct all the potentials in the N2OR 
redox titration.  
Redox titration of N2OR, with 15 % of “CuZ center” as CuZ*(4Cu1S), was performed in a stirring 
3 mL cuvette containing 60 μM of fully oxidized N2OR in 100 mM Tris-HCl pH 7.6 and 2 μM of 
each mediator (Table 2.3). Small volumes of sodium ascorbate and sodium dithionite 
(0.1 -100 mM) were added with a 10 µL Hamilton syringe in the reductive titration, and potassium 
ferricyanide (0.1 - 100 mM) was used for the oxidative direction. The reaction was followed 
spectrophotometrically (between 350 – 900 nm) and the potential (stabilized after each addition) 
was measured using a combined redox electrode.  
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Using the same protein batch (or equivalent percentage of CuZ*(4Cu1S), similar titrations were 
performed in the following buffer solutions: 100 mM MES buffer pH 6.5, 100 mM CHES buffer 
pH 9.0, 100 mM CAPS buffer adjusted to the pH values 10.2 and 10.4.  
Redox titrations using the same procedure as described above were also performed for a sample 
with 50 % of “CuZ center” as CuZ*(4Cu1S) in 100 mM MES buffer pH 5.5 and 6.5, 100 mM 
Tris-HCl buffer pH 7.0 and 8.6, 100 mM CHES buffer pH 9.4 and 100 mM CAPS buffer pH 10.4. 
 





 at pH 7.0, 25 °C 
2,3,5,6-tetramethyl phenylenediamine  + 260 
1, 2- naphthoquinone-4-sulfonic acid + 210 
1,2-naphthoquinone + 180 
phenazine methasulfate + 80 
resorufin - 50 
indigo carmim - 111 
2-hydroxy-1,4-naphthoquinone - 145 
methyl viologen - 430 
 
2.14.1.1  Data analysis  
In this case, as both centers present different spectroscopic features, we consider CuA and 
CuZ(4Cu2S) as two independent centers, each having a one electron reduction.  
The spectra obtained were corrected for the dilution and to the isosbestic point at 627 nm. The 
absorbance at 600 nm or at 800 nm was used to determine the % oxidized/reduced species and the 
data were simulated based on the Nernst equation (Equation 2.3):                                                     




   
    
                                                                 (2.3) 
Where, E is the electrode potential with reference to SHE, E
0
 is the standard reduction potential of 
the redox couple, Pox is the molar fraction of the population of the fully oxidized state while Pred is 
the population of fully reduced state, and thus Pox + Pred = 1. R is the universal gas constant 









) and n is the number of electrons transferred. 
For one electron reduction at 20 °C, Equation 2.3 is given by: 
 
                                                                    
   
    
                                                    (2.4) 




Where, Em,7.6 is the reduction potential (mV) with reference to SHE at pH 7.6. 
The reduction potential (mV) as a function of % oxidized/reduced species were simulated at each 
pH for both CuA and CuZ(4Cu2S) centers, using  the Equation 2.5. 
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2.14.2 Electrochemistry  
The experiments were conducted on an anaerobic chamber (O2 < 4 ppm) at 20 ºC and all the 
solutions were prepared in deionized water. All the potentials are quoted against standard hydrogen 
electrode (SHE). 
The electrochemical measurements, by cyclic voltammetry (CV) and differential pulse (DP) 
voltammetry, were performed with a μautolab and collected and analyzed in GPES software 
package (both from ECO chemie). A three-electrode configuration cell was used with an Ag/AgCl 
reference electrode (+ 208 mV vs SHE), a platinum wire as the counter electrode and a work 
electrode. For direct electrochemistry a carbon nanotube modified glassy carbon (GC) (BASi, ref. 
MF2012) with nominal radius = 0.15 mm, was used as the working electrode, while a gold 
electrode (BASi, ref. MF2014) with nominal radius = 0.15 mm was used for mediated 
electrochemical experiments. 
 
2.14.2.1 Direct electrochemistry 
Functionalization of Multi-walled carbon nanotubes 
Multi-walled carbon nanotubes (MWCNTs) were purchased from Sigma and functionalized as 
described by Carvalho et al 
218
. Shortly, 120 mg of MWCNTs were functionalized in 3 M HNO3 
for 24 h. The HNO3 was removed by paper filtration and the nanotubes were washed with milli-Q 
water until the discarded water reaches pH ~ 7.0. The MWCNTs were dry at 80 °C for 24 h. The 
solid was dispersed in 1 % w/v dimethylformamide and sonicated for 3h. 
 
Electrode preparation  
Before each experiment the glassy carbon electrode surface was polished with 1 and 0.5 μm 
alumina slurry, sonicated for 5 minutes and rinsed with deionized water. The functionalized 
MWCNTs (7 μL) were deposited on the electrode surface and left to dry for 45 min at RT. Each 
electrode prepared with MWCNTs was immersed in the electrolyte and voltammograms at 
different scan rates were recorded prior to enzyme deposition. Then, a drop of the N2OR solution 
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(10 μL) was applied on the surface of MWCNTs and left to dry for 45 min before electrode 
immersion in the electrolyte solution. Different forms of N2OR were used and the exact percentage 
of CuZ*(4Cu1S) is described in the figures legends.  
Activation of N2OR (see Section 2.11.2) was performed for the turnover studies, using a 
preparation with 60 % of “CuZ center” as CuZ*(4Cu1S). Activated enzyme was desalted using a 
NAP-5 Sephadex G25 column (GE) equilibrated with 100 mM potassium phosphate pH 7.0 to 
remove the excess of reducing agents and then concentrated using a ultrafiltration micro 
concentrator (MWCO 30 kDa) (Sartorius) to a final concentration of 124 µM. A drop of N2OR 
(4 µL) was immobilized on the GC electrode containing the MWCNTs, using the same procedure 
as before. 
 
Electrochemical measurements  
Most of the experiments were conducted using a 100 mM potassium phosphate pH 7.0 solution. In 
the pH dependence experiments, solutions containing 20 mM of MES, HEPES, CAPS and TAPS 
were adjusted to different pH values from 5.5 to 10.5.  
The CV experiments were performed in a potential window between + 0.9 to – 0.5 V (vs SHE) and 
the scan rate (v) varied between 5 and 100 mV s
-1
. DP voltammetry experiments were conducted in 
the same potential window as CV experiments, using a pulse width of 100 ms, a pulse amplitude of 
50 mV and a step potential of 2 mV.  
Turnover assays were also performed in 100 mM potassium phosphate pH 7.0 electrolyte solution. 
These assays were analyzed in the presence of increasing concentrations of N2O up to 1.4 mM. 
Different electrode preparations using the same activated enzyme were used and the data obtained 
were analyzed and fitted with the Michaelis-Menten equation. 
 
2.14.2.2 Mediated electrochemistry 
Electrode preparation 
Mediated electrochemistry of N2OR in the presence of cytochrome c552 was previously reported 
148
 
and a similar membrane electrode preparation was used in the present study. Before each 
experiment the electrode surface was polished with 1.0, 0.5 and 0.3 μm alumina slurries, sonicated 
for 5 minutes and rinsed with deionized water.  
Then, a 4 μL drop of a mixture of N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), and 
cytochrome c552 (140 µM) in a 1:1 ratio was deposited. The membrane containing the solution was 
fixed with the O-ring in the gold electrode previously coated with 2 μL of neomycin (2 mM). 
 
 




The cyclic voltammetry experiments were performed in 100 mM of potassium phosphate pH 7.0 as 
the supporting electrolyte previously equilibrated with the chamber atmosphere. CVs were 
recorded on a potential window between + 0.5 to – 0.1 V at a scan rate of 10 mV s
-1
. Before 
substrate addition, ten scans were performed on the selected working window. A saturated 
concentration of N2O was directly injected into the electrolyte with a syringe (to a final 
concentration of 2 mM). Controls in the absence of N2OR or in the absence of cytochrome c552 
were performed. 
 
2.15 Exogenous ligand binding  
All the sample preparation, titrations and kinetics assays were performed inside an anaerobic 
chamber (MBraun). 
 
2.15.1  Titration of exogenous ligands with N2OR 
N2OR with 10 % or 50 % of “CuZ center” as CuZ*(4Cu1S) were incubated for 5 min in the 
presence of an excess of potassium ferricyanide and also for 1 h in the presence of excess of 
sodium dithionite, in the case of 10 % CuZ*(4Cu1S). Samples were buffer exchanged to 100 mM 
Tris-HCl pH 7.6 using a NAP-5 Sephadex G-25 column (GE). These samples were used in the 
titration experiments with halides.  









) and also nitric oxide. Additionally, reduced N2OR with 10 % as CuZ*(4Cu1S) form was also 
titrated with iodide and nitric oxide. The titration experiments were followed by visible 
spectroscopy in a TIDAS diode array spectrophotometer. 
Experiments were conducted using a stirring cuvette containing 12 μM or 18 µM of N2OR with 
50 % or 10 % of “CuZ center” as CuZ*(4Cu1S), respectively, in 100 mM Tris-HCl pH 7.6. Small 
amounts of concentrated stock solutions of ligands (2 M NaCl, 1 M NaF, 1 M NaBr, 1 M KI, 
95.5 μM NO) were added to the cuvette with a Hamilton syringe, until there were no spectral 
changes. Two similar experiments were performed in which 12 μM N2OR, with 50 % of “CuZ 
center” as CuZ*(4Cu1S), were titrated with iodide in 20 mM of MES, HEPES, CAPS and TAPS 
adjusted to pH 6.0 and pH 9.0. 
Another titration was performed in which reduced N2OR (20 µM) with 10 % of “CuZ center” as 
CuZ*(4Cu1S) was titrated with iodide in 100 mM Tris-HCl pH 7.6. 
All the spectra were corrected for the absorbance at 400 nm and the ligand-receptor binding 
equation was used to fit the curve of the difference spectra as function of ligand concentration 
(Equation 2.7). 
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                                                         (2.7)                 
 
Where Bmax is the maximum bound ligand-receptor complex, [L] is the free ligand concentration, 
Kd
app
 is the ligand concentration at which half of the receptor is bound. 
 
2.15.2 Azide, cyanide, nitric oxide and iodide 
Sample preparation  
Oxidized N2OR, with 65 % of “CuZ center” as CuZ*(4Cu1S) was incubated during 48 h in the 
presence of 5-fold excess of cyanide or 2.5-fold excess of nitric oxide, in 100 mM Tris-HCl pH 7.6. 
N2OR was also incubated with 750-fold excess of azide in 100 mM Tris-HCl pH 7.6 but during 
24 h. Additionally, fully oxidized N2ORs with 10 % or 65 % of “CuZ center” as CuZ*(4Cu1S), 
7 µM and 20 µM respectively, were incubated with 500-fold excess KI in 100 mM Tris-HCl 
pH 7.6 during 48 h. Incubations were kept under anoxic conditions at 4 °C. 
Visible spectroscopy  
The visible spectra of each of these ligand assays were collected on a Shimadzu UV-1800 
spectrophotometer during the incubation period. After this period, each sample was divided, and 
part was oxidized with a solution of 10 mM potassium ferricyanide, while the other was reduced 
with a solution of 200 mM sodium dithionite. Each sample was three-times washed in 100 mM 
Tris-HCl pH 7.6, using a Vivaspin 500 (Sartorius, YM30) to remove the excess of 
reducing/oxidizing agents and the spectra of oxidized and reduced sample were recorded.  
Protein concentration was determined by Lowry method 
206
 (detailed in Section 2.9.1) and the 
copper content was estimated based on 2,2’-biquinoline method 
208
 (as described in Section 2.9.3).  
EPR spectroscopy 
The effect of KI (500-fold excess over protein) on N2OR, with 10 % of “CuZ center” as 
CuZ*(4Cu1S) (200 µM) or with 65 % of “CuZ center” as CuZ*(4Cu1S) (166 µM), was monitored 
over time by EPR spectroscopy, using the following experimental parameters: microwave 
frequency, 9.65 GHz; microwave power, 2 mW; gain, 1x10
5
; temperature, 30 K (see 
Section 2.10.2).  
Steady-state kinetics 
Specific activities of N2OR in the presence of the ligand were monitored during the incubation 
period. In this assay, at each time-point a sample of N2OR (70 nM) was incubated in the presence 
of reduced methyl viologen for 3 h for enzyme activation, followed by addition of N2O to the assay 
122
 (as described in Section 2.11.1). At least triplicates of each assay were performed.  
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The concentration dependence of cyanide (175-fold excess, 1750-fold excess and 8750-fold 
excess), azide (7000-fold excess and 9350-fold excess) and iodide (0, 50, 250, 500, 1000, 2500 or 
5000-fold excess) on N2OR specific activity was determined during 24 h.  
Differential scanning calorimetry 
The thermal stability of N2OR (20 µM), with 10 % and 50 % of “CuZ center” as CuZ*(4Cu1S), in 
the presence and absence of potassium iodide, was evaluated by differential scanning calorimetry 
using a nano DSC (TA instruments). The experiments were performed using 600 μL of 20 μM 
N2OR in 100 mM HEPES pH 7.0. For the assays in the presence of ligand, each form of the 
enzyme was previously incubated with 500-fold excess of iodide for 48 h.  
In these experiments, a baseline with the same buffer as the protein was performed between each 
N2OR sample. The temperature scanning was performed with an increase of 1 °C per minute from 
10 °C to 110 °C. Data were analyzed with NanoAnalyze software (TA instruments), being the 
profile normalized to the number of moles present in each assay and the baseline subtracted to the 
heat capacity profile. Then, data were simulated using a two state scaled model and the parameters 
melting temperature (Tm), calorimetric enthalpy (ΔHcal) and van’t Hoff enthalpy (ΔHvH) were 
determined. 
 
2.15.3 EGTA, Calcium and sulfide  
Sample preparation  
As-isolated N2OR, with 50 % of “CuZ center” as CuZ*(4Cu1S) was incubated with 20-fold excess 
of EGTA in 100 mM CHES pH 9.0 during 6 h. The same enzyme preparation was also incubated 
with 156-fold excess of calcium chloride in 100 mM Tris-HCl pH 7.5 for 5 h.  
Visible spectroscopy  
The visible spectra of N2OR incubated with EGTA or calcium chloride were collected on a TIDAS 
diode array spectrophotometer during the incubation period of each sample.  
Steady-state kinetics  
Specific activities, using 70 nM of protein incubated with EGTA, calcium or sodium sulfide 
(equimolar or 10-fold excess or 100-fold excess) were measured at different incubation times. The 
enzyme was activated in the presence of reduced methyl viologen for 3 h followed by N2O 
reduction assay (as described in Section 2.11.1). In parallel, 70 nM of activated N2OR were 
incubated with 100-fold excess of Na2S for 1 h, followed by the N2O reduction assays. All specific 
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3 The pH effect on the denitrification pathway of Marinobacter 
hydrocarbonoclasticus 
 
The nitrogenous compounds leached to costal seawaters and oceans, under low oxygen tensions, 
trigger the denitrification pathway 
14, 15
. The incomplete denitrification caused by environmental 
factors, as deregulated pH, is one of the major contributors to the increase of atmospheric 
concentration of the long-lasting greenhouse gas N2O. 
In this work, M. hydrocarbonoclasticus 617, a denitrifier bacterium, is used as a model organism of 
a marine system to study the denitrification pathway. The pH effect (6.5, 7.5 and 8.5) on 
denitrification was analyzed in two types of experiments mimicking the surface and deeper waters 
in an aquatic system, represented by a batch system, using a bioreactor under microaerobic 
conditions and a closed system, using sealed serum flasks (anaerobic system after the initial oxygen 
consumption), respectively.  
Moreover, N2OR was isolated from growths performed in the bioreactor at each pH. Biochemical 
and spectroscopic characterization were performed for the three preparations of the enzyme. This 
study not only correlates the properties of all the known forms of the enzyme, but also a relation 
with the in vivo observations.  
Our results provide clues to understand the mechanisms involved in N2O release in soils and 
seawaters when a drop in pH occurs. 
 
3.1 Genomic organization of denitrification genes 
A search in the genome of M. hydrocarbonoclasticus ATCC 49840 showed that several genes 
encoding proteins involved in the different steps of the denitrification are clustered together 
comprising a genomic region of approximately 75 kb (Figure 3.1). 
These genes include the nosRZDFYL gene cluster, containing the catalytic subunit of N2OR, 
encoded by nosZ 
20, 219
. Also present in this gene cluster is nosR, a gene encoding for a 
transmembrane protein, whose function remains unclear but seems to be important for nosZ 
transcription, as well as for enzyme full activity in vivo 
79, 113
. The nosD gene encodes a protein that 
together with NosFY is proposed to form an ABC–transporter (NosDFY) and be involved in sulfur 
transport and in “CuZ center” assembly 
80, 82




Upstream the nos cluster is the narLXKGHJV cluster, (Figure 3.1) containing the genes narG, narH 
and narV (also designated as narI) that encode the α,  and  subunits of NaR, respectively 
219
, 
being NarG the catalytic subunit of the enzyme. The narJ gene encodes a chaperone-like 
component involved in the maturation and assembly of the enzyme complex 
38
. Upstream narG, 
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there are two genes narXL, that encode NarXL a two-component system involved in transcriptional 




Figure 3.1 - Arrangement of denitrification genes in the genomic region 3087251-3163109 of 
M. hydrocarbonoclasticus ATCC 49840. Genes belonging to the nitrate reductase (nar), nitrite reductase 
(nir), nitric oxide reductase (nor) and nitrous oxide reductase (nos) clusters are colored in orange, green, red 
and purple, respectively. The catalytic subunit of each cluster is light colored. Unidentified genes are white 
colored and the dnr and nnrS regulator genes are colored in dark grey. The number below each gene is the 
MARHY gene identification. Our own in silico analysis indicates that MARHY3057 and MARHY3058 are 
putative norE and norF homologues, respectively. Arrows show the direction of transcription. 
 
Three narK genes were identified. One is part of the narLXKGHJV cluster and other two were 
identified upstream in the genome (Figure 3.1), MARHY3076, annotated as narK2, and 
MARHY3078, annotated as narK. Homologues of NarK have been proposed to function either as 
nitrate/proton symporters that import nitrate into the cytoplasm, where it is reduced by nitrate 
reductase, or as nitrate/nitrite antiporters that transport nitrate into the cytoplasm and also nitrite 
into the periplasm to be either reduced by nitrite reductase or released into the extracellular 
environment 
71, 72
. The mechanism of transport and specificity was clarified after the structure of 
the two transporters was solved, which were crystallized in the presence of nitrate or nitrite 
220-222
. 
Additionally, narU, encoding in E. coli a nitrate/nitrite transporter 
221, 223
, is also annotated in the 
genome of M. hydrocarbonoclasticus. Multiple NarK-like transporters have also been identified in 
the genome of other bacteria, as in P. aeruginosa and P. denitrificans 
71, 223, 224
. It is unclear why 
such an array of molecular systems would provide a significant benefit over a single transporter. It 
is possible that these are required in specific growth conditions, as observed in E. coli for NarU 
223
. 
Further upstream in the genome, norBC, encoding the two subunits of the short-chain 
membrane-bound c-NOR were identified (Figure 3.1). NorB (MARHY3054) is the catalytic 
subunit, while NorC is a small membrane bound c-type cytochrome functioning as an electron 
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transfer subunit 
219, 225
. The accessory genes norQ (MARHY3060, annotated in other organisms as 
napH) and norD (MARHY3056), together with two other ORFs (MARHY3057 and MARHY3058) 
are located upstream the norBC operon, similarly to what is found in P. denitrificans genome 
226
. 
Neither norE nor norF homologues were annotated in the genome of M. hydrocarbonoclasticus. 
However, a Blast search revealed that the translated sequence of MARHY3057 shares 46 % 
sequence identity with P. stutzeri NorE (designated in that microorganism as NirQ), while 
MARHY3058 protein shares 53 % identity with P. stutzeri NirP (the NorF homologue in 
Pseudomonas species with 82 residues), even though in a very restricted region, covering only 
49 % of the primary sequence. Indeed, this putative NorF (with 61 a.a.) is 40 % shorter than its 
homologues.  
However, the analysis of the entire intergenic region between MARHY3057 and MARHY3058 
identified a longer ORF encoding a protein with 79 residues that has 39 % primary sequence 
identity with P. stutzeri NirP. Therefore, we propose that NorF was misannotated in 
M. hydrocarbonoclasticus ATCC49840 genome, being encoded in the 3141724-3141963 genomic 
region rather than in the 3141778-3141963 region. NorE and NorF, are predicted to be membrane 
associated, though their exact function remains unknown 
227
. It has been shown that NorEF are 
involved in denitrification as its inactivation slows nitrate reduction during denitrification, with 
accumulation of micromolar concentrations of nitric oxide 
226, 227
. In contrast, norQ and norD are 
always found linked to or in the vicinity of norBC 
225
. The encoded proteins are suggested to be 




Curiously, a second norB gene (MARHY3014) also encoding a NOR, is annotated in 
M. hydrocarbonoclasticus genome, downstream the nos cluster and transcribed in the opposite 
direction (Figure 3.1). This NorB (MARHY3014) (471 a.a) shares only 24 % identity with the 
other NorB protein (MARHY3054), thought the alignment covered 75 % of the primary sequence. 
Indeed, NorB (MARHY3014) is composed of a single long-chain subunit being a q-NOR 
homologue (primary sequence identity with Geobacter stearothermophilus q-NOR is 37 %, with a 
95 % coverage, and 25 % with P. aeruginosa large subunit NorB, but with only 60 % coverage). 
While c-NOR uses a c-type cytochrome as electron donor, q-NORs accept electrons from the 
quinone pool. The presence of two types of NOR in the same bacteria does not seem to be frequent 
228, 229
 and its biological relevance is unknown. 
Upstream nor cluster, 10 genes involved in the nitrite reduction step of the denitrification pathway 
were found linked together, nirFCSDLGHJEN. Different genetic arrangements of nir genes have 
been identified in bacteria. P. aeruginosa presents the most similar genetic organization of the 
nitrite reductase cluster in comparison to the one of M. hydrocarbonoclasticus 
46
. The only 
differences are in the nirM gene, encoding cytochrome c551, which is absent in 
M. hydrocarbonoclasticus nir regulon and in nirFC, which are located upstream nirS and are 
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transcribed in the opposite direction. NirM is the electron donor of NiR in P. aeruginosa, while the 
cytochrome c552, encoded by MARHY3556, was identified as the physiological electron donor of 
NiR (and also of NOR and N2OR) in M. hydrocarbonoclasticus 
230
 and is distantly located in the 
genome. 
The nirS gene encodes the cytochrome cd1NiR, a homodimeric enzyme with c- and d1-type hemes 
231






 and nirN 
235
 encode 
enzymes involved in the biosynthesis of heme d1, all located in the cytoplasm, with the exception 
of NirN. NirF has been proposed to be a chaperone involved in the uptake and transport of heme d1 
precursor from the cytoplasm to NirN located in the periplasm. The exact role of NirC remains 
unknown, but has been shown to be essential for the synthesis of heme d1 in P. denitrificans 
236, 237
. 
NirC is predicted to be a periplasmic c-type cytochrome, playing a role in the biosynthesis of heme 
d1 as an electron acceptor from NirN 
233, 235
. 
A gene annotated as nnrS, was identified upstream nir cluster, which might be a membrane-bound 
NO sensor with a role in nitrosative stress, still poorly explored 
238
. 
The denitrification pathway has been proposed to be regulated mainly by transcription regulators of 
the CRP/FNR family, FNR and DNR, that in M. hydrocarbonoclasticus are encoded by 
MARHY0862 (FNR homologue) and MARHY3023 (DNR homologue), with this later ORF being 
located upstream the nos gene cluster. FNR, that activates genes under oxygen-limiting conditions, 
is a homodimer containing a [4Fe-4S] cluster per protomer, which is sensitive to oxygen and to 
nitrosylation 
239
. On the other hand, DNR senses N-oxides, in particular NO 
240
, through a heme 
73
. 
These two transcription regulators bind specifically to consensus sequences of the type 
TTGATN4ATCAA (named FNR binding box). Thus, the promoter regions of the four gene clusters 
were analyzed to identify the presence of these binding boxes, up to 200 bp upstream their ATG 
site.  
The most homologous consensus sequences were identified based on its score and distance to the 
ATG site (Figure 3.2, Supplementary information - S1). For most of the gene clusters, the putative 
binding regions are located around - 60 to - 90 bp, with the exception of nirSDLGH (- 161.5 bp) 
and dnr (- 121.5 bp). These distances agree well with the average location of these sites in the 
whole genome of P. aeruginosa 
241
 and also with the more common spacing locations observed for 
FNR in E.coli, which are usually centered at approximately - 41, - 61, - 71, - 82 and - 92 bp from 
the transcription initiation point 
242
. Although these binding sites still need to be experimentally 
confirmed, the involvement of MARHY0862 (FNR homologue) and MARHY3023 (DNR 
homologue) in the regulation of the denitrification pathway will be discussed below. 
In order, to distinguish which regulator is in control of each binding box and if these regulatory 
elements are in fact active, promotor activity analysis by fusing a lacZ reporter gene with each 
promotor would have to be further tested, together with DNA electrophoretic mobility shift assays 
(EMSA). 
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Figure 3.2 - Identification and analysis of putative FNR and NarL binding sites in nitrate reductase (nar), 
nitrite reductase (nir), nitric oxide reductase (nor) and nitrous oxide reductase (nos) gene clusters, involved in 
gene regulation. A putative FNR box was also identified upstream the dnr gene, located upstream nos gene 
cluster. The centered position of FNR, NarL and IHF sites relative to the ATG site is indicated. The matching 
of motifs with the consensus sequence and their scores are provided in Supplementary Information (S1). 
 
In the case of narGHJV genes expression, two other regulators are usually associated, NarL and 
interaction with an integration host factor (IHF). 
The NarXL system senses nitrate via NarX and responds to nitrate through NarL phosphorylation, 
activating the nar genes. NarL recognizes specific heptameric motifs (TACYYMT, being Y = T or 
C and M = C or A) located in the promoter regions of nar genes. Two potential sites (with high 
score to the ones identified in P. aeruginosa PAO1) were found in both narK and narGHJV (Figure 
3.2, Supplementary Information S1). In the promoter region of narK, one NarL motif, NarL1 
(TACCTCC), is centered at - 105 bp from the transcription initiation site, while in narGHJV, 
NarL2 (TGCTGCT) and NarL3 (TGCTTCT) sites, are centered at - 191 and - 149 bp, respectively 
(Figure 3.2). These motifs are oriented in the direction of narGHJV activation. Moreover, NarL is 
most probably not involved in regulation of dnr as no consensus sequences were identified 
upstream the FNR box, as opposite to what was described for P. stutzeri 
243
 dnrE and P. aeruginosa 
dnr 
69
 that carry the motifs and were shown to have a NarL-dependent transcription. 
Between the NarL and FNR binding motifs is frequent to find motifs required for the binding of 
IHF, a heterodimer required for nar cluster induction 
69, 244
. Our in silico analysis predicted a 
putative IHF binding site (CCCCAATGGTTTATAA) upstream narK, centered at position - 78.5 
from the transcription initiation site, with a score of 83 % (Supplementary Information S1). Indeed, 
the motif is located downstream of narK predicted FNR box, but no other IHF binding motifs were 
detected in the promotor region of narGHJV. Nevertheless, a possible role of this protein in nar 

























dnr 3022                   R              Z           D      F     Y   L  
-88.5-121.5











Chapter 3    
74 
 
3.2 M. hydrocarbonoclasticus growth in serum flasks: activity profile of enzymes of the 
denitrification pathway 
M. hydrocarbonoclasticus was grown in AWS medium at pH 6.5 and 7.5 in sealed serum flasks 
(Figure 3.3). This close system mimics the deeper waters of aquatic systems as the oxygen tension 
is low. 
In the initial 5 h, the cultures were stirred in an orbital shaker at 150 rpm and afterwards the stirring 
was reduced to 50 rpm. During the growths, pH was monitored, and in the case of pH 6.5 manually 
adjusted (pH varied between 6.5 and 6.9), while at pH 7.5 only minor variations were detected (pH 
varied between 7.3 and 7.7) and therefore at this pH the growth proceeded without pH adjustment. 
Inspection of the growth curves indicates that the exponential phase started one hour after 
inoculation and had a duration of 5 h, with a rate of 0.19 ± 0.03 h
-1
 at pH 6.5 and 0.22 ± 0.02 h
-1
 at 
pH 7.5. After 5 h of growth, the time-point at which stirring was reduced, the growth enters in a 
stationary phase that lasts 50 h of growth. Furthermore, none of the growths showed a death phase.  
During the growth, free nitrate and nitrite levels were quantified (as described in Materials and 
Methods, Section 2.4), which enabled us to monitor the activity of NaR and cd1NiR, that catalyze 
the first and second steps of the denitrification pathway, respectively. Additionally the reduction 
rate of exogenous NO and N2O by the whole-cells was determined at different times during the 
growth, as a way to identify when NOR and N2OR were active in the cells.  
The profile of denitrification metabolites shows that nitrate and nitrite were totally consumed in the 
growth performed in the serum flasks at pH 6.5 and 7.5, indicating that both enzymes, NaR and 
cd1NiR, were active (Figure 3.3). As nitrite was consumed at both pH values, NO was most 
probably formed and acted as an inducer of the other denitrification enzymes.  
Furthermore, metabolite concentration decreases faster at pH 7.5 comparatively to pH 6.5, 
suggesting that denitrification process is slower at more acidic pH (Figure 3.3).  
The profile of the reduction rate of NO and N2O by the whole-cells, grown at pH 7.5 in the serum 
flasks, shows maximum NO reduction rate at 3 h, when high levels of nitrite are still present in the 
medium, while the N2O reduction was only observed after approximately 6 h of growth, indicating 
that both enzymes were active at pH 7.5 (Figure 3.3B). The ability of whole-cells to reduce these 
metabolites decreases towards the end of the growth. 
On the other hand, the profile, obtained for M. hydrocarbonoclasticus grown at pH 6.5, showed 
very low rates of N2O reduction, suggesting a lower expression of nosZ or that the form of N2OR 
produced (a defeat at post-translational level) is not fully active (Figure 3.3A).  
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Figure 3.3 - M. hydrocarbonoclasticus growth curves in serum flasks under microaerobic conditions in the 
presence of nitrate and profile of denitrification metabolites and enzyme activities. In the upper panel (A), the 
growth curve (open diamonds) and the profile of metabolites and enzyme activities at pH 6.5 are presented. 
In the lower panel (B), the growth curve (open circles) and the profile of metabolites and enzyme activities at 
pH 7.5 are presented. Nitrate (orange diamonds) and nitrite (green squares) concentrations are reported in the 
primary axis and nitric oxide (red triangles), and nitrous oxide (purple circles) reduction by the whole-cells 
are represented in the secondary axis. The growth curves are represented as Log OD600nm (open symbols). 
Nitric oxide reduction by the whole-cells was not determined in the growth performed at pH 6.5. 
 
3.3 M. hydrocarbonoclasticus growth in a bioreactor under denitrifying conditions 
A different type of growth, in a more controlled environment was also performed to investigate the 
effect of pH (6.5, 7.5 and 8.5) in the M. hydrocarbonoclasticus cultures. The growths were 
performed in a 2 L (5 L or 10 L for large scale protein production) bioreactor under microaerobic 
conditions (low aeration rate) and in the presence of nitrate (10 mM), to promote the denitrification 
(Figure 3.4) 
21
. This type of growth is a model for denitrifying growth near the surface of an aquatic 
system.  
At pH 7.5 and 8.5 the growth curves show the presence of a diauxic growth that occurs without any 
lag phase. The first phase at pH 7.5 lasts 5 h, while at pH 8.5 it has a slightly longer duration 
(approximately 7 h) but also a lower growth rate (Table 3.1). This phase is followed by a second 
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growth rates at both pH values (Table 3.1). After those times, both growths reached the stationary 
phase (Figure 3.4).  
Moreover, for both pH values the O2 levels rapidly decay and become negligible after 3 h until the 
end of the growth (Figure 3.4B). The lag phase was not observed in any of the replicated assays, 
indicating that there was no adaptation period or it was very small, and the death phase was not 
reached even after 48 h of growth, suggesting that the carbon source, lactate, had not been 
completely consumed. Similar diauxic growth has also been observed for P. denitrificans during 
anaerobic growth in the presence of 60 mM nitrate 
245
.  
Despite the similar growth behavior at pH 7.5 and 8.5 a morphological change in 
M. hydrocarbonoclasticus cells was observed at pH 8.5. The cells lost their rod shape and became 
spherical (the same change in cell shape was observed when M. hydrocarbonoclasticus is plated 
onto a solid media at pH 8.5). Cells return to their usual rod shape when cultured again at pH 7.5, 
either in liquid or solid media. This cell shape change might be due to a reversible pH effect on the 
enzymes complexes involved in cell wall synthesis or in the cell wall assembly itself or it could 
also correspond to a modification on the membrane lipid content. 
 
Figure 3.4 - Growths of M. hydrocarbonoclasticus in a 2 L bioreactor under microaerobic conditions at 
different pH values. Representative (A) growth profile and (B) oxygen profile measured during the growth. 
Growths were performed at pH 6.5 (filled diamonds), pH 7.5 (filled circles) and pH 8.5 (open triangles).  
 
A different growth behavior was observed at pH 6.5 showing only two different phases, a short 4 h 
exponential phase with a growth rate of 0.164 ± 0.014 h
-1
, followed by a long stationary phase 
(Figure 3.4, Table 3.1). Interestingly, at more acidic conditions the oxygen rapidly decays in the 
beginning of the exponential phase, similarly to the growth at other pH values, however an increase 
is observed after time-point 5 h, reaching levels around 90 % that remain high during the rest of the 
growth or in some growth replicas it decays, but only at the end of the growth. In fact, the increase 
of oxygen levels is simultaneous with the transition to the stationary phase, most probably due to 
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accumulation of toxic byproducts (see below), suggesting that M. hydrocarbonoclasticus growth 
ceases (OD600nm = 0.64) at more acidic pH values leading to oxygen accumulation in the medium as 
the system is being continuously aerated. 
Furthermore, the final OD600nm is lower at pH 6.5 (OD600nm = 0.82) than at pH 7.5 and 8.5 
(OD600nm = 2.11), corresponding to different cell mass yields (around 5 g L
-1
 growth to pH 6.5 vs 
around 8 g L
-1
 for the higher pH values). 
 
Table 3.1 - Specific growth rates (µ) of M. hydrocarbonoclasticus cultures under denitrifying conditions at 
different pH in the bioreactor (microaerobic growth) and in the serum flasks (anaerobic growth). For the 
diauxic growths two specific growth rates were calculated. 
pH 
Microaerobic growth Anaerobic growth 
µfirst phase (h
-1





6.5 0.164 ± 0.014 - 0.190 ± 0.030 
7.5 0.173 ± 0.008 0.011 ± 0.001 0.220 ± 0.020 
8.5 0.142 ± 0.008 0.012 ± 0.001 - 
 
The growths performed in the bioreactor exhibited a different behavior from those performed in the 
serum flasks, as no diauxic growth was observed in the serum flasks. However, when comparing 
the specific growth rates, higher rates were observed for M. hydrocarbonoclasticus growth in the 
serum flasks at pH 6.5 and 7.5, and closer to the rate determined in the batch cultures at pH 7.5. 
 
3.4 Gene expression during M. hydrocarbonoclasticus growth under denitrifying conditions 
The expression of genes involved in the denitrification pathway during M. hydrocarbonoclasticus 
growth under denitrifying conditions at pH 6.5, 7.5 and 8.5 was analyzed by qPCR.  
The in silico analysis of M. hydrocarbonoclasticus (ATCC 49840) genome indicated the presence 
of two norB genes (MARHY3014 and MARHY3054), thus the expression of both genes was 
analyzed. The results showed that norB_MARHY3054 (c-norB) gene appears to be the one 
transcribing an active nitric oxide reductase under the denitrifying conditions used, as no 
significant expression levels were obtained for norB_MARHY3014 (q-norB) gene under these 
conditions (Figure 3.5). Therefore, norB_MARHY3014 gene encoding a putative q-type NOR does 
not seem to be preferentially expressed during the denitrifying conditions tested here, and so its 
role in M. hydrocarbonoclasticus physiology remains unknown.  
Expression profiles have shown that the maximum transcription levels of genes encoding the 
catalytic subunits of the denitrifying enzymes, narG, nirS, c-norB and nosZ occurs at the same time 
point (Figure 3.5). 




Figure 3.5 - Expression of narG (orange diamonds), nirS (green squares), c-norB (filled red triangles), 
q-norB (open red triangles) and nosZ (purple circles) encoding the catalytic domains of 
M. hydrocarbonoclasticus denitrification enzymes during 20 h for the growths performed at (A) pH 6.5, (B) 
pH 7.5 and (C) pH 8.5. Relative expression values were obtained by normalizing expression of each target 
gene relative to the control housekeeping gene 16S rRNA, as described in Materials and Methods (Section 
2.6.2). 
 
In P. denitrificans, nosZ and narG are expressed earlier than nirS 
246
. This pattern of transcription 
was associated with oxygen removal that would trigger narG and nosZ transcription, while the 
onset of nirS (and most probably norB) transcription was associated with the increase in NO 
concentration that occurs afterwards 
246
. In fact, more recent studies on this bacterium showed that 
nosZ is expressed earlier than both nirS and norB 
247
. The simultaneous transcription of narG, nirS, 
c-norB and nosZ in M. hydrocarbonoclasticus suggests that a common signal(s) regulates the 
expression of these genes. Oxygen might have a role, as after 2-3 h of growth, it becomes 
negligible (Figure 3.4B). 
The maximum levels of transcription occurred at time-point 3 h, 5 h and 7 h for pH 6.5, 7.5 and 
8.5, respectively, which corresponds to the end of the exponential phase in each curve (Figure 
3.4A). At this point, narG transcription levels are similar at the different pH values, but they are 
lower than the level of other genes encoding the catalytic subunits of the denitrification enzymes 
(Figure 3.5). Thus, additional regulatory mechanisms might be involved in the nar gene cluster 
expression. In fact, M. hydrocarbonoclasticus nar genes, similarly to what was observed in 
P. stutzeri 
243
 and P. aeruginosa 
69
, might be under the regulation of narXL, a two-component 
regulatory system that responds to nitrate, as NarL and also IHF DNA binding sites have been 
identified in the promoter region of nar gene cluster (Figure 3.2). 
The gene expression profile in M. hydrocarbonoclasticus also showed that nirS expression is 
approximately 4-fold lower at pH 6.5 relative to pH 7.5 and 8.5 (Figure 3.5). Comparison of 
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that nosZ/nirS is highly affected at pH 6.5, while no majors differences were observed in the 
nosZ/norB expression ratio at the different pH values tested, indicating that nirS is down-regulated 
at pH 6.5 (Figure 3.6). Furthermore, at pH 6.5 nitrite levels remained high (at around 6.5 mM) until 
the end of the growth (Figure 3.8). Interestingly, in P. denitrificans cultures grown at pH 6.0 nitrite 
accumulation in the medium was also observed, but in this case lower numbers of norB, nosZ and 
nirS transcripts (narG quantification was not reported), relative to growths performed at pH 7.0, 




Figure 3.6 - Comparative gene expression of nosZ/nirS (white bars) and nosZ/norB (black bars) at pH 6.5, 
7.5 and 8.5, at the time-point of maximum expression levels in the biological replicates. Relative expression 
values were obtained by normalizing expression of each target gene to the control housekeeping gene 
16S rRNA. 
 
3.5 Regulation of denitrification pathway in M. hydrocarbonoclasticus growth  
In M. hydrocarbonoclasticus, the signals involved in the regulation of the denitrification genes 
have not been established. However, it is expected that the common effectors are oxygen and NO, 
as identified in other denitrifying bacteria 
248
, through FNR and DNR, respectively. In fact, given 
the pattern of transcription observed for the genes encoding the catalytic denitrifying 
subunit/domain, it can be postulated that oxygen and NO are also the main effectors in 







































Figure 3.7 - Putative regulatory network controlling the denitrification genes in M. hydrocarbonoclasticus. 
The main signals involved in the regulation of nar, nir, nor and nos gene clusters are the low oxygen 
tensions, nitric oxide and nitrate. Two levels of regulation were postulated for nar cluster transcription 
through the FNR-like and the two-component system NarXL (histidine kinase and response regulator) in 
response to low oxygen and nitrate levels, respectively. The regulatory protein FNR is also involved in DNR 
activation. DNR responds to nitric oxide (first produced by the initial low levels of nitrite reductase) and 
regulates the expression of nir, nor and nos gene clusters. Our own bioinformatic analysis suggests that 
MARHY0862 and MARHY3023 are, respectively, the FNR and DNR homologues involved in regulation of 
the denitrification genes in M. hydrocarbonoclasticus. Dashed arrows indicate the putative but lower level of 
nir, nor and nos gene regulation by FNR. 
 
Upon decrease of oxygen tension in the medium, FNR (MARHY0862) dimerize, becoming 
activated, and are able to bind specific DNA regions, activating the transcription of several genes 
required for the anaerobic metabolism, which include activation of dnr and narGHJV. In turn, due 
to the initial activity of cd1NiR, from the initial low levels of nirS transcription, NO concentration 
will increase, and DNR (MARHY3023) will activate nir, nor and nos genes. In P. aeruginosa and 
P. stutzeri, DNR was also identified as having a NO-dependent response, being involved in the 
transcription of nir, nor and nos genes 
31, 61, 249
. 
The existence of a cascade type regulation for these genes will prevent the accumulation of toxic 
products, such as NO. Although, FNR and DNR recognize the same promoter regions (as 
mentioned before), it has been shown that DNR is the specific regulator of denitrification 
241
. The 
mechanism for the discrimination of these binding sites is still unknown, though nitrosylation of 
FNR could play a role, as when nitrosylated (which could occur above a certain NO level 
threshold), FNR reduces its binding affinity to the specific DNA regions. Moreover, as DNR lacks 
the cysteine motifs for Fe-S cluster formation and most probably senses NO through heme 
73-75
, it 
can still be active even if FNR is nitrosylated. This double regulatory mechanism will be important 
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nos gene clusters, as with a second regulator, as DNR, denitrification can proceed by activating 
these genes clusters. On the other hand, nar genes would be regulated by low levels of oxygen and 
nitrate that activates their expression through the two-component system NarXL.  
Although at pH 7.5, the expression of nosZ is higher after 1 h than the one of the other genes 
(Figure 3.5), this was not observed for the other pH values tested and thus nosZ may not be directly 
regulated by oxygen, contrary to other bacteria in which the earlier expression of nosZ suggested a 
direct regulation by oxygen levels 
247
. This strengthens the hypothesis of nosZ being under DNR 
regulation. 
 
3.6 Activity profile of denitrification pathway enzymes 
In the case of M. hydrocarbonoclasticus growth performed in the bioreactor, the free nitrate and 
nitrite were also quantified during the time of the growth to monitor the activity of NaR and 
cd1NiR (Figure 3.8). Reduction rate of nitric oxide and nitrous oxide by whole-cells was also 
determined at different time-points for the different pH values, similarly to the analysis performed 
for the growth in the serum flasks (Figure 3.8).  
Common to all pH values, nitrate was totally consumed at the beginning of the growth, starting to 
be consumed in the second hour of the growth performed at pH 7.5 and 8.5, at the time-point at 
which oxygen level becomes negligible. However at pH 6.5, its consumption was slightly slower 
and only started after time-point 3 h (Figure 3.8). This is an indication that nitrate transport to the 
cytoplasm and NaR were active in the cells at that time point, independently of the growth pH. 
Indeed, at time-point 1 h, narG gene expression was already occurring at low levels, and thus it is 
likely that NaR was already active in the cells at that time (Figure 3.5). These results strengthen the 
hypothesis that nitrate and also a decrease on oxygen levels are the signals for the activation of nar 
genes transcription in M. hydrocarbonoclasticus (Figure 3.7).  
The decrease in nitrate concentration was concomitant with the formation of nitrite, which reaches 
a maximum value close to the initial nitrate concentration. 
In the growths performed at pH 7.5 and 8.5, the nitrite was completely consumed after 
approximately 8 h (during the initial stages of the second diauxic growth phase). This decrease in 
nitrite concentration can be attributed to the activity of cd1NiR. In fact, the maximum nitrite 
concentration is achieved before maximal nirS expression. Considering that the decrease of nitrite 
concentration is due to cd1NiR activity, as the denitrification pathway is active, the concomitant 
formation of nitric oxide is expected. The increasing concentration of NO will have a positive 
regulatory effect not only on nirS but also on norB and nosZ expression, as it was observed (Figure 
3.5). This supports the hypothesis of NO being involved in the regulation of these genes through a 
DNR-type regulator (Figure 3.7). 
 




Figure 3.8 - Representative profile of M. hydrocarbonoclasticus denitrification metabolites and enzymatic 
activities at (A) pH 6.5, (B) pH 7.5 and (C) pH 8.5. Nitrate (orange diamonds) and nitrite (green squares) 
concentrations are represented in the primary axis and nitric oxide (red triangles), and nitrous oxide (purple 
circles) reduction by the whole-cells are represented in the secondary axis.  
 
On the other hand, at pH 6.5 only 27 % of the total nitrite produced was consumed and thus high 
levels (6.2 mM) remained in the medium until the end of the growth (Figure 3.8A). Nitrite 
accumulation was also previously observed in different culture conditions of P. denitrificans grown 
at pH 6.0 and pH 6.8 
246, 247
. In fact, nitrite accumulation was also recently proposed to inhibit 
aerobic growth of P.denitrificans and it was linked to an increase of the expression of fhp gene (co-
located with NsrR) encoding a flavohemoglobin hypothesized to potentially convert NO to nitrite 
or to N2O 
251
.  
As mentioned before, at pH 6.5 there are lower expression levels of nirS and thus lower levels of 
cd1NiR in the cells would be expected, which was confirmed by electrophoretic studies (heme 
staining of SDS-PAGE) (Figure 3.9).   
Even in P. denitrificans grown at suboptimal pH 6.8 and in which no differences in nirS expression 
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Figure 3.9 - Heme stained SDS-PAGE (12.5 % polyacrylamide gel) analysis of cells of 
M. hydrocarbonoclasticus grown in the bioreactor under microaerobic conditions in the presence of nitrate. 
Lanes A, B and C are the total extract obtained from the growth at pH 6.5, 7.5 and 8.5, respectively, 
normalized for an amount of cells (0.24 g cells mL
-1
). The protein band corresponding to cd1NiR is identified 
in the gel. 
 
The observed nitrite accumulation in M. hydrocarbonoclasticus is correlated not only with the 
decrease in nirS expression, but also with a possible inactivation of the cd1NiR by nitrous acid 
(HNO2) that is formed (4.3 μM) under these conditions: the presence of nitrous acid might also be 
responsible for the growth arrest that is observed at pH 6.5. In fact, HNO2 formation by 
denitrifying bacteria was previously observed in acidic cultures of Pseudomonas fluorescens and 
P. denitrificans upon nitrite accumulation 
246, 250, 251
. Furthermore, HNO2 dissociates into reactive 
species, such as nitric oxide and nitroxyl anion intermediates. Indeed, NO measurements in 
P. denitrificans cultures grown between pH 6 and 7.5 showed that NO accumulation is higher at 
more acidic pH values 
252
. Thus, although cd1NiR is inactivated at acidic pH, nitric oxide can be 
chemically formed explaining the NOR activity observed (Figure 3.8A). 
The last two steps of the denitrification pathway are catalyzed by NOR and N2OR, and thus the 
reduction rate of NO and N2O was monitored indirectly through the oxidation of methyl viologen 
by the whole-cells (Figure 3.8). The results obtained show that the rates of NO and N2O reduction 
were similar for the growth at pH 7.5 and 8.5, indicating that both NOR and N2OR were active in 
the cells until the end of the growth, even if NO and N2O are expected to be completely consumed 
earlier on 
247
. Moreover, at these pH values, NOR is active in the cells before the completely 
consumption of nitrite, as at this point c-norB had already started to be transcribed.  
The major difference between pH 7.5 and 8.5 is the time-point at which N2OR becomes active, as 
at pH 7.5 cells are able to reduce N2O at the time-point 3 h, while in the cells grown at pH 8.5 it 
was at 7 h. In fact, all our replicates of gene expression profile obtained at pH 7.5, show that at 
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earlier than its expression in any other pH (Figure 3.5). Furthermore, a delay between nosZ gene 
expression and the enzymatic activity at pH 7.5 was also observed and attributed to its complex 
maturation process, which involves several accessory factors. Thus, at pH 7.5, N2OR is most 
probably ready to reduce N2O as soon as this molecule is generated, explaining why both NOR and 
N2OR were concomitantly active in the cells at this pH. 
Therefore, since reduction of N2O by the whole-cells was detected, it is plausible to argue that the 
four steps of the denitrification pathway are carried out at pH 7.5 and 8.5. On the other hand, at 
pH 6.5, NO might be chemically formed and most probably is reduced to N2O, as the whole-cells 
are able to reduce exogenous NO, indicating that NOR is active in these cells. Although c-norB is 
concomitantly expressed with other genes at time-point 3 h and the timing of maximum 
transcription at pH 6.5 is earlier than at pH 7.5 and 8.5, the reduction of NO is observed only at 
time-point 8 h confirming that the denitrification process is slower at more acidic pH values.  
On the other hand, the rate of N2O reduction by the whole-cells is practically inexistent along the 
growth at pH 6.5 (Figure 3.8). Additionally, we also tested the reduction of exogenous N2O by the 
whole-cells using a higher volume of cellular suspension (foreseeing that the N2OR production 
could be lower). However, N2O reduction was still not observed, an indication that N2OR is not 
active in the cells grown under these conditions.  
Gas measurements performed in P. denitrificans grown at low pH, showed accumulation of high 
levels of N2O in the medium and a lower N2 production that also started much later, compared to 
the growths at more neutral pH values 
247
. These results evidenced a clear impair of denitrification 
at more acidic pH values, which corroborates our results on M. hydrocarbonoclasticus. This can 
explain the accumulation of N2O when there is a drop of the pH in the environment (soil or water), 
as N2OR is not active. 
The inability of the cell suspension at pH 6.5 to reduce N2O means that N2OR is not present in an 
active form in vivo, which cannot be attributed to a deficient transcription of nosZ (Figure 3.5). 
Thus, to explain the absence of N2O reduction by M. hydrocarbonoclasticus grown at pH 6.5 we 
investigated two possibilities (see Section 3.8):  
i) effect of pH on the transcription of the accessory factors involved in the biosynthesis of N2OR; 
ii) effect of the pH on M. hydrocarbonoclasticus proteome.  
 
3.7 Kinetic parameters for N2O reduction by whole-cells 
The N2O reduction by whole-cells was also investigated for the collected cells from 
M. hydrocarbonoclasticus grown at pH 7.5 (48 h) and a hyperbolic behavior was observed (Figure 
3.10). Note that activity is reported considering the total amount of protein, while in the previous 
assays the activity was reported considering the optical cell density.  
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of total protein, for the reduction of N2O and a Km of 18 ± 5 µM. This Km is in the same order of 
magnitude as the Km of clade I P. stutzeri strain DCP-Os1 N2OR (36 ± 9 µM) determined by N2O 
consumption measurements, which are lower than those reported for whole-cells containing 
clade II N2OR (1.0 ± 0.2 µM and 1.3 ± 0.4 µM, from Dechloromonas denitrificans strain ED-1 and 
Anaeromyxobacter dehalogenans strain 2CP-C, respectively) 
99
.  
Furthermore, the Km determined for N2O reduction by M. hydrocarbonoclasticus whole-cells is 
similar to the value reported for the N2O reduction by the in vitro activated N2OR (Km of 




Figure 3.10 - Kinetic activity for the reduction of N2O by the whole-cells of M. hydrocarbonoclasticus 
grown under microaerobic conditions in the presence of nitrate at pH 7.5. Assays were performed using 
methyl viologen as the electron donor and 20, 40, 80, 120, 250 and 750 µM N2O-saturated water. Data were 




 of total 
protein. 
 
3.8 Why cells that grow at more acidic pH are not able to reduce N2O? 
3.8.1 Analysis of the expression levels of genes involved in the biosynthesis of N2OR 
The biosynthesis of N2OR requires accessory proteins encoded by genes that are often part of the 
nos cluster. Thus, we investigated the transcriptional organization of nos cluster in 
M. hydrocarbonoclasticus using a sample collected from the growth performed in a bioreactor at 
pH 7.5. Our in silico analysis of nos cluster predicted that nosRZDFYL is most probably transcribed 
as a single transcriptional unit. To confirm our hypothesis primers were drawn for the PCR 
amplification of the intergenic regions. The size of the amplicons of cDNA samples corroborate 
with bioinformatic analysis (Figure 3.11). Thus, nosRZDFYL is transcribed into a single 






































Figure 3.11 - Analysis of the transcriptional organization of M. hydrocarbonoclasticus nos gene cluster. (A) 
PCR products of intergenic regions between nosR-nosZ (a, lanes 1-3), nosZ-nosD (b, lanes 4-6) and 
nosD-nosL (c, lanes 7-9) using cDNA (lanes 1, 4, 7), RT (minus) control reaction (lanes 2, 5, 8) and genomic 
DNA (3, 6, 9). (B) Genomic organization of nos gene cluster in the genome of M. hydrocarbonoclasticus. 
The gene encoding for N2OR is colored in black. 
 
The expression of the accessory genes proposed to be involved in the assembly of the “CuZ center” 
or in maintaining N2OR in an active state was examined as a function of pH (samples collected 
from growths performed in the bioreactors were used). These included not only nosR, nosD, but 
also two homologues of nosX, MARHY1380 and MARHY1479, members of the nosX/apbE family 
(nosX is absent from M. hydrocarbonoclasticus nos cluster, but postulated to be essential for N2OR 
activity 
81
) (Figure 3.12). 
The data indicates that MARHY1380 is the nosX homologue in M. hydrocarbonoclasticus, as it 
presents higher expression levels than MARHY1479 and its expression profile is similar to the one 
of the denitrifying genes (Figure 3.12).  
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Figure 3.12 - Expression of nosR (filled diamonds), nosD (filled squares), MARHY1380 (open circles) and 
MARHY1479 (open triangles) encoding accessory proteins involved in biosynthesis of N2OR from 
M. hydrocarbonoclasticus during 20 h, for the growths performed at (A) pH 6.5, (B) pH 7.5 and (C) pH 8.5. 
Relative expression values were obtained by normalizing expression of each target gene to the control 
housekeeping gene 16S rRNA, as described in Materials and Methods (Section 2.6.2). 
 
Therefore, as observed in P. stutzeri the nosX homologue is remotely located in the genome 
downstream to the nqr operon 
82, 86
, and the same location was also identified for the MARHY1380 
in M. hydrocarbonoclasticus. Furthermore, the ApbE enzymes from P. stutzeri and 
M. hydrocarbonoclasticus were recently heterologously produced in E. coli and proposed to be the 
flavin donor protein of NosR 
86
.  
The results presented in Figure 3.12 also indicate that no significant differences in the expression 
levels of the N2OR accessory genes at different pH values are observe under the denitrifying 
conditions used (Figure 3.12). Moreover the maximum transcription levels of these genes occurred 
at the time-point at which nosZ gene expression is also maximal for pH 6.5 and 8.5. However at pH 
7.5, these accessory genes are earlier expressed, being its maximum transcriptional level observed 
after 1 h. The expression of these genes in the beginning of the growth strengthens our hypothesis 
of earlier production of N2OR at this pH (Figure 3.8B).  
The mechanism of assembly of copper centers in N2OR is not fully understood and in fact more 
than one mechanism might be involved in the insertion or maintenance of the centers in N2OR 
82
. 
We investigated if there is any down-regulation of genes at pH 6.5 that have been proposed to play 
a role in copper insertion in N2OR from M. hydrocarbonoclasticus: nosL, MARHY1049 and senC 
(Figure 3.13). In M. hydrocarbonoclasticus, MARHY1049 encodes a conserved hypothetical protein 
of the periplasmic copper chaperone family, PCuAC, while the product of senC belongs to the SCO 
protein family implicated in the copper insertion in CcO 
106-108
. 
The relative expression of nosL is similar between both pH and higher than MARHY1049 and senC 
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genes comprising the same cluster (Figure 3.12). However, in some organisms as P. putida, NosL 
has proven not to be essential for the synthesis of a functional N2OR and the possibility of other 
candidates to insert the copper into “CuZ center” has been raised 
82
. Recently, the products of 
senC2, pcuC and Pden_4445 genes have been predicted to be involved in the copper assembly and 
maintenance of N2OR from P. denitrificans 
111
.  
Although both MARHY1049 and senC have a lower expression when compared to nosL, no major 
differences were observed between pH 6.5 and 7.5 (Figure 3.13). These results corroborate later 
studies (see below) in which N2OR isolated from the preparations obtained at different pH values 
presented a similar copper content. Therefore, copper insertion and expression of proteins involved 
in center assembly are most likely not being affected at pH 6.5.  
 
Figure 3.13 - Expression of nosL (open triangles), senC (open circles), MARHY1049 (filled squares) 
encoding M. hydrocarbonoclasticus denitrification enzymes during 20 h for the growths performed at (A) 
pH 6.5 and (B) pH 7.5. Relative expression values were obtained by normalizing expression of each target 
gene to the control housekeeping gene 16S rRNA, as described in Materials and Methods (Section 2.6.2). 
 
In conclusion, our data suggests that, even though there are differences between pH, no significant 
influence was observed on the transcriptional level of any gene associated with the maturation of 
N2OR or in maintaining the active form of “CuZ center” in vivo that could explain the low N2O 
reduction rates at pH 6.5. 
 
3.8.2 Proteome of denitrifying M. hydrocarbonoclasticus  
The effect on denitrification caused by acidic pH is recurrent and of prime importance. The 
regulatory mechanisms of pH in the periplasm are still poorly understood in Gram-negative 
bacteria, but a perturbation of pH in the growth medium is proposed to be reflected in the periplasm 
of M. hydrocarbonoclasticus, as its cell wall is permeable to ions 
253-255
. On the contrary, the 
cytoplasm is most probably maintained at neutral pH, as it is capable of buffering itself and, in fact, 
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Our results show that although the expression of nosZ and its accessory genes are not affected at 
pH 6.5, the N2OR is inactive in vivo, most probably due to a post-transcriptional effect and thus we 
investigated the differences in proteins involved in the maturation of N2OR, most of which are 
embedded or anchored to the membrane. In fact, recently it was reported that those proteins can 
form a supra-molecular complex in P. aeruginosa 
180
. In this supra-molecular complex, integral 
membrane proteins of denitrification pathway (NarI, NorB, NorC and NosR) are associated with a 
complex array of other proteins (such as denitrifying enzymes, maturation factors, enzymes 
involved in the energy generation, as well as the systems associated to protein export) that together 
mediate the nitrate respirasome 
180
. 
M. hydrocarbonoclasticus membrane proteome of denitrifying cells was analyzed by a 2D 
SDS-PAGE (based on pI and molecular mass). Differences in the proteome may reflect an 
alteration caused by pH, and further identification of these proteins by mass spectrometry (MS) can 
give a clue to explain the low N2O reduction rate observed at pH 6.5. 
The abundance of proteins is related to the growth phase wherein the cells are collected. Thus, we 
analyzed the cells in the stationary phase at the end of the growths (~ 48 h) performed at pH 6.5 
and 7.5 in the bioreactor, under microaerobic conditions. Afterwards, the cells were lysed and 
ultracentrifuged to obtain the membrane fraction (the membranes were not washed to guarantee 
that the loosely-associate proteins were not removed) and analyzed by 2D separation. Preliminary 
electrophoretic maps (in the 3-10 pH range, data not shown) revealed that the protein spots were 
mostly acidic and thus imobiline strips in the 4-7 pH range were used in the assays.  
Two biological replicates of membrane proteomes were obtained for each pH growth and 
representative gels are presented below (Figure 3.14). The 2D profiles maps show a relative good 
separation between the proteins. A clear proteome of membrane fractions is often challenging to 
obtain as these proteins are hydrophobic and prone to precipitation or aggregation and thus a proper 
solubilization is frequently required. In our case, an improvement in the profile maps was observed 
when the samples were treated with TCA.  
 
 




Figure 3.14 - 2D profile of the membrane fraction (80 µg) of M. hydrocarbonoclasticus cells grown under 
microaerobic conditions in the presence of nitrate (10 mM) at (A) pH 6.5 and (B) pH 7.5. Differential 
expression is indicated by black circles, being the spots selected based on a differential expression fold > 2 
with p-values ≤ 0.05 between two biological replicates. For the 1
st
 dimension the samples were applied on 
7 cm IPG strips (pH range 4-7) and in the 2
nd
 dimension the IPG strips were applied in a 10 % 
polyacrylamide SDS-PAGE, further stained with colloidal Coomassie blue. The spot identify by MS is 
marked with an asterisk. 
 
The software ImageMaster 7.0 was used to identify a total number of 162 and 175 spots in two gels 
(two biological replicates) of the M. hydrocarbonoclasticus grown at pH 6.5. In the case of the 
growth performed at pH 7.5, 175 and 179 spots were identified in the gels of the biological 
replicates, indicative of a good reproducibility between growths performed at the same pH.  
Although a low number of replicates were performed for each pH, a statistical analysis of the spots 
is presented in Table 3.2.   
In the gels obtained from growth performed at pH 6.5, 79 % of spots matched with the ones of pH 
7.5 membranes, suggesting that the expression of about 40 proteins was affected by pH (Table 3.2). 
In fact, most of the matched spots did not present a differential relative abundance, with only 6 
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(although the low number of replicates). From the 6 identified spots, 4 are down-regulated in the 
growth performed at pH 6.5 (Table 3.2). 
Differential proteins still need to be identified by MS, however considering the molecular mass and 
pI of the accessory proteins of N2OR, most of the differential spots do not seem to correspond to 
these proteins (see Supplementary Information S2). In fact, we hypothesized that one of the 
differential spots (Figure 3.14B, the spot is marked with an asterisk) could correspond to the ApbE 
homologue given the in silico analysis, however further analysis of this spot by mass spectrometry 
identify a outer membrane protein (OmpW), from porin superfamily, with a molecular mass of 
25 kDa and a pI of 4.3. 
Thus, the synthesis of the accessory proteins may not be affected by pH or their amount is low and 
difficult to identify or are masked by others proteins with higher concentration. 
 
Table 3.2 - Statistical analysis of spots from the 2D gel of the membrane fraction obtained from the growths 
performed at pH 6.5 and 7.5. Analysis was performed considering pH 7.5 grown as reference. 





3.9 Isolation and biochemical characterization of different forms of N2OR 
Little is known about the mechanism of N2O reduction in vivo. However, it is now clear that a 
slightly acidification (pH 6.5) in the growth medium of M. hydrocarbonoclasticus is sufficient to 
affect N2O reduction in vivo. Under these conditions N2OR is inactive in vivo. Thus, the enzyme 
was isolated from cell extracts of M. hydrocarbonoclasticus grown in 10 L biofermenter at pH 6.5, 
7.5 and 8.5.  
Given the difficulty in controlling batch replicates, especially those performed at pH 6.5, we 
assured that the growths were similar, by measuring the OD600nm, nitrate/nitrite concentrations, as 
well as the rate of NO and N2O reduction by the whole-cells, at different time points, and only the 
ones with similar profiles were combine for protein purification.  
Although the purification process of N2OR from M. hydrocarbonoclasticus were previously 
described by Prudêncio et al. 
91
, some modifications were made (described in Section 2.8.1) since 
anoxic conditions had to be used to guarantee that the form of “CuZ center” was not altered during 
this process 
21, 24, 132
. The isolated enzyme was biochemical and spectroscopic characterized 
(presented here), while their structural and electrochemical properties were further investigated 
(Chapter 4).  
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In parallel, the physiological electron donor of N2OR, cytochrome c552, was also purified to be used 
in kinetics and electrochemical studies. From now-on, N2OR isolated from the growth performed at 
pH 6.5, 7.5 and 8.5 will be named N2OR6.5, N2OR7.5 and N2OR8.5, respectively, or designated by the 
form of the “CuZ center”, either as CuZ*(4Cu1S) or as CuZ(4Cu2S). N2OR6.5 was most of the 
times purified under aerobic conditions, as the same form of the “CuZ center” is obtained in either 
the presence and absence of oxygen, while N2OR7.5 and N2OR8.5 were always purified under the 
absence of oxygen.  
Additionally, these isolated N2ORs were compared to the one obtained from an anaerobic growth, 
designated here as Anaer7.5. Anaer7.5
 
was isolated from a commercial growth of 
M. hydrocarbonoclasticus performed in a bioreactor (300 L) under strictly anaerobic conditions in 
the presence of nitrate 
53
.  
The procedures used to isolate the protein in both growths, either in the presence or absence of 
oxygen, were similar and detailed in Chapter 2 (Section 2.8.1). The final N2OR isolated from each 
growth was analyzed by SDS-PAGE, presented in Figure 3.15. 
 
Figure 3.15 - Coomassie blue stained SDS-PAGE (12.5 % polyacrylamide) analysis of N2OR purified from 
the growths performed in the bioreactor at different pH. Lanes M, 1, 2, 3 and 4 are the protein marker, 




The yield of N2OR obtained from each growth, copper and sulfur content were determined and 
compared (Table 3.3). The yield of N2OR isolated from the periplasmic extract differ between 
preparations, with a higher yield of N2OR per wet mass obtained for N2OR7.5, which is the 
optimum pH for the M. hydrocarbonoclasticus growth, while a three-fold lower yield was obtained 
for N2OR6.5 (Table 3.3). Due to the low purification yields obtained, especially for N2OR6.5, several 
batches were required to accomplish the spectroscopic and structural studies presented here. 
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Table 3.3 - Purification yield, copper and sulfur content of M. hydrocarbonoclasticus N2OR isolated from 























N2OR6.5 0.5 ± 0.2 0.16 ± 0.02 3.6 ± 0.1 0.4 ± 0.1 8.4 ± 0.4 





 3.1 ± 0.2 ND ND 
Anaer7.5
 c 
0.7 ± 0.3 0.6 ± 0.2 4.2 ± 0.1 1.3 ± 0.2 3.2 ± 0.4 
Notes: 
a
Considering N2OR as monomeric; 
b
N2OR was purified from the growth performed at this pH only 
once; 
c
Anaerobic growth performed at pH 7.5 in a 300 L reactor in the presence of nitrate. ND – not 
determined. 
 
The amount of copper determined per N2OR7.5 (monomer) is close to the expected value (6 copper 
per monomer) and are in line with the values previously determined for N2OR isolated from 
M. hydrocarbonoclasticus grown under anaerobic conditions, in which in some samples a fully 
copper occupancy is observed 
91, 125
, contrary to N2OR purified from other microorganisms 
90, 130
. 
N2OR6.5 and N2OR8.5 show a similar copper content, (Table 3.3), but lower than expected, possibly 
due to the presence of other proteins, decreasing the Cu/N2OR ratio (Figure 3.15).  
Comparison between the absorption ratio of as-isolated N2OR at 280 nm and of potassium 
ferricyanide oxidized sample at 480 nm showed that the preparations followed the purity order: 
N2OR8.5 < N2OR6.5 < N2OR7.5 < Anaer7.5. Corroborating this fact, N2OR8.5 is the least pure 
preparation, with a high content of hemic proteins that co-eluted with N2OR in the anoxic 
purification (Figure 3.15). Therefore, a sample of N2OR8.5 was loaded onto a molecular exclusion 
column, performed rapidly in the presence of oxygen, to evaluate the Cu/N2OR ratio. Removal of 
the contaminants improved the Cu/N2OR ratio to 3.7 ± 0.1, however this value is still lower than 
expected, and thus the existence of apo-protein in both N2OR8.5 and N2OR6.5 cannot be completely 
excluded. 
The content of labile sulfur in N2OR was determined using the methylene blue method (described 
in Section 2.9.2) and related to the amount of copper and protein determined (Table 3.3). In the 
N2OR6.5 preparation, 0.4 ± 0.1 sulfur atoms were determined per protein monomer, while in the 
N2OR7.5, a higher ratio of 1.7 ± 0.1 was estimated. Moreover, as in the N2OR6.5 sample only 
approximately half of the expected copper atoms and half of expected sulfur were detected, a high 
Cu/S ratio was determined. This is most probably an error on the sulfur or protein quantification 
due to the low amount of protein obtained from the more acidic growth, and also because it was 
only possible to performed two replicates of sulfur quantification. 
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3.10 Spectroscopic characterization 
The enzyme isolated from M. hydrocarbonoclasticus grown at pH 6.5, N2OR6.5, showed a visible 
spectrum different from that observed for both N2ORpH7.5 and N2ORpH8.5 (Figure 3.16).  
 
Figure 3.16 - Visible spectra of M. hydrocarbonoclasticus N2OR isolated from cells grown at (A) pH 6.5, 
N2ORpH6.5, (B) pH 7.5, N2ORpH7.5 and (C) pH 8.5, N2ORpH8.5, in 100 mM Tris-HCl pH 7.6. In each panel is 
presented the spectra of potassium ferricyanide fully oxidized (I – solid line), sodium dithionite-reduced 
(II - dashed line), as-isolated (III – dashed-dotted line) and sodium ascorbate-reduced (IV – dotted line) 
states. In panel C, spectrum II is contaminated with cytochromes and thus this spectrum is only presented 
from 560 nm. Extinction coefficient is reported relative to the monomer. 
 
The visible spectra of the as-isolated N2ORpH7.5 (and also N2ORpH8.5) show that both CuA and 
“CuZ” centers were obtained in the reduced state. Both centers were fully oxidized by addition of 
potassium ferricyanide, showing absorption bands at 480 nm, 540 nm and 800 nm and a shoulder 
at 640 nm (Figure 3.16B and C). Upon reduction of N2ORpH7.5 with sodium ascorbate, the CuA 
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defined, with a maximum absorption band at 550 nm and a shoulder at 640 nm. In the sodium 
dithionite reduced form, N2ORpH7.5 and N2ORpH8.5 visible spectra exhibit a single absorption band at 
670 nm, (Figure 3.16B and C). 
The as-isolated N2ORpH6.5 exhibits a spectrum with maximum absorption band at 640 nm, 





(Figure 3.16A). The spectrum in the presence of sodium ascorbate (data not show) and also sodium 
dithionite does not change significantly from that of the one in the as-isolated form. In fact, the 
band observed is sharper and at a different wavelength than the sodium dithionite reduced band 
observed in both N2ORpH7.5 and N2ORpH8.5 preparations. Upon oxidation with potassium 
ferricyanide, CuA center characteristic absorption bands are observed, at 480 nm, 540 nm and 
800 nm, while the absorption band with a maximum at 640 nm does not change (Figure 3.16A). 
Moreover, in the fully oxidized state of N2ORpH6.5, an absorbance 550/640 nm ratio of 1.0 - 1.2 was 
usually determined, while for the oxidized spectra of N2ORpH7.5 and N2ORpH8.5 the ratios were 
between 1.7 - 1.9, similar to anoxically purified N2OR from a variety of microorganisms, in which 
the “CuZ center” was isolated as CuZ(4Cu2S) 
89, 92, 131, 132
.  
Thus, N2OR can be isolated with “CuZ center” in two different forms, depending on the pH at 
which the bacteria was grown, with N2ORpH7.5 and N2ORpH8.5 isolated with “CuZ center” mainly as 
CuZ(4Cu2S), while in N2ORpH6.5 as CuZ*(4Cu1S). 
Additionally, when N2ORpH7.5 is purified in the presence of oxygen a different spectrum was 
obtained, consequence of the presence of a mixture of “CuZ center” forms, CuZ(4Cu2S) and 
CuZ*(4Cu1S), with CuZ*(4Cu1S) ranging between 40 % to 80 % (data not show). Thus, for 
N2ORpH7.5 and N2ORpH8.5 preparations, the anoxic isolation procedure was maintained in order to 
isolate the enzyme without perturbations caused by the presence of oxygen. On the contrary, the 
N2ORpH6.5 spectroscopic features are not altered if its isolation is performed in the presence of 
oxygen. 
These two forms of the centers exhibit a variation on their sulfur content, which was previously 
addressed by spectroscopic and X-ray studies, and currently is well-known that “CuZ center” as 
CuZ*(4Cu1S) contains one sulfur atom per protein monomer, while the enzyme with CuZ(4Cu2S) 
has two 
126, 143, 152, 158
. This explains the different values obtained for sulfur content in N2OR6.5 and 
N2OR7.5 preparations (Table 3.3). In addition, the fact that an enzyme preparation does not 
presented a form 100 % of “CuZ center” as CuZ(4Cu2S) will also affect the S/N2OR and S/Cu 
ratio. 
The X-band EPR spectra of the different N2OR preparations (N2ORpH6.5, N2ORpH7.5 and N2ORpH8.5), 
were acquired at different oxidation states by selectively reducing the copper centers with sodium 
ascorbate, sodium dithionite or methyl viologen and also complete oxidation with potassium 
ferricyanide (Figure 3.17). 
 




Figure 3.17 - X-band EPR spectra of M. hydrocarbonoclasticus N2OR isolated from growths performed at 
different pH values: (A) N2ORpH6.5, (B) N2ORpH7.5 and (C) N2ORpH8.5. In each panel the spectra of oxidized 
(I), sodium ascorbate reduced (II), sodium dithionite reduced (III) and methyl viologen reduced (IV) are 
represented. The instrument settings for the acquisition were: microwave frequency, 9.65 GHz; microwave 
power, 2 mW; gain, 1x10
5
; temperature, 30 K. The contribution of methyl viologen radical in the spectra IV 
was removed. 
 
The EPR spectrum of oxidized N2ORpH6.5 has an axial signal with g║ = 2.17 and g┴ = 2.04, and 
shows a low resolved pattern of seven hyperfine lines in the A║ region (A║ = 3.9 mT) (Figure 
3.17A, Table 3.4). This pattern is explained by a delocalized electron (S = 1/2) between two 




] state of CuA center. 
The broadening of the spectra is attributed to a delocalized electron on the CuZ*(4Cu1S), in the 
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] oxidation state, which is usually observed after reduction of CuA center with sodium 
ascorbate (Figure 3.17A – spectrum II), or sodium dithionite.  
N2ORpH6.5 reduced with sodium dithionite also exhibits an axial EPR spectrum with broad lines not 
easily distinguished due to its low intensity (Figure 3.17A– spectrum III). Therefore, its simulation 
was only possible considering the existence of two A║ and two A┴ constants, which were previously 
reported by Ghosh et al., (Table 3.4) 
161
. The g-values determined, g║ = 2.15 and g┴ = 2.04, are 
similar to those previously reported 
161





] oxidation state, similar to the features observed in the sodium ascorbate reduced 
spectrum (Figure 3.17A – spectrum II), as this center cannot be reduced by sodium dithionite. 
Nonetheless, this signal disappears upon prolonged incubation with reduced methyl viologen, 
indication of complete reduction of “CuZ center” to the [4Cu
1+
] oxidation state, which is 
diamagnetic (Figure 3.17A– spectrum IV).  
The features of the EPR of N2ORpH6.5 preparation are similar to the ones previously reported for 
M. hydrocarbonoclasticus N2OR mainly with CuZ*(4Cu1S) 
161
. These results strengthen the 
previous analysis of its visible spectra, indicating that “CuZ center” in N2ORpH6.5 is mainly as 
CuZ*(4Cu1S). 
 
Table 3.4 - EPR parameters of N2ORpH6.5, N2ORpH7.5 and N2ORpH8.5, in different oxidation states used to 
simulate each EPR spectrum (simulated spectra are not shown). 
Sample 
Oxidation  
State g║ A║ (mT) g┴   A┴  (mT) 
N2OR6.5 
Oxidized 2.17 3.9  2.04 - 
DT-reduced 2.15 6.1, 2.3
 a




Oxidized 2.18 3.9 2.03 - 
DT-reduced 2.16 5.6 
b




Oxidized 2.18 3.8 2.04 - 
DT-reduced 2.15 5.7 
b





 Considering the same hyperfine coupling constants as Ghosh et al. 
161
, as it was not possible to 
simulate the second derivative spectrum; 
b
 Considering 3 identical hyperfine coupling constants. 
 
In the case of oxidized N2ORpH7.5 sample, an axial signal is also observed with g║ = 2.18 and 
g┴ = 2.03 with a well resolved 7-line hyperfine coupling (A║ = 3.9 mT), in an intensity ratio 
1:2:3:4:3:2:1, from the mixed valence CuA center contribution, due to the spin interaction with the 
two Cu nuclei (Figure 3.17B – spectrum I, Table 3.4). A well resolved 7-line pattern in N2OR is 
generally observed when the only contribution to the spectra is the CuA center, suggesting that the 






In fact, upon CuA center reduction with sodium ascorbate an axial signal with low intensity is 
observed in the EPR spectrum of N2ORpH7.5. Interestingly, this is possibly due to the presence of a 




] oxidation state or by the fact that the 
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spectrum present in Figure 3.17B – spectrum II, was obtained by reduction of as-isolated N2OR 




] oxidation state (Figure 3.16B). 
The sodium dithionite reduced spectra of N2ORpH7.5 exhibit an axial signal with 5-lines in the g║ 
region (Figure 3.17B). In fact, 10 lines were expected, although only the more intense ones were 
observed. This signal can be simulated with g║ = 2.16 ˃ g┴ = 2.03 ˃ 2.0 (Table 3.4). In order to 
accurately perform this simulation, three identical contributions of each hyperfine constants 
(A║ = 5.6 mT and A┴ = 2.0 mT) were required, indicating that the spin is delocalized over three 





state and it exhibits different properties from the “CuZ center” in the same oxidation state in the 
N2ORpH6.5 [CuZ*(4Cu1S)]. 
Reduction of N2ORpH7.5 with reduced methyl viologen exhibit an EPR spectrum with an axial 
signal, similar to the sodium dithionite reduced spectra but with lower intensity, suggesting that 
methyl viologen cannot fully reduce this form of “CuZ center” to [4Cu
1+
], as observed before in 
N2ORpH6.5. Previous spectroscopic studies reported that “CuZ center” as CuZ(4Cu2S) cannot be 
fully reduced with either sodium dithionite or reduced methyl viologen 
160
. 
These results corroborate the visible spectra, suggesting that “CuZ center” in N2ORpH7.5 is mainly 
as CuZ(4Cu2S). 
The EPR spectra of the different oxidation states of N2ORpH8.5 has similar features to the ones of 
N2ORpH7.5 EPR spectra, indicating that in this preparation “CuZ center” is also mainly as 
CuZ(4Cu2S), as mentioned before when its visible spectra were analyzed (Figure 3.17C). 
The spin for the different oxidation states of each sample was quantified by integrating the signal 
given by the second derivative of the spectrum and are presented in Table 3.5. 
Table 3.5 - EPR spin quantification of different forms of N2OR isolated from the different growths. 





N2OR6.5 1.8 1.1 1.0 1.0 
N2OR7.5 0.6 1.0 0.3 1.0 
N2OR8.5 1.3 0.6 0.7 1.0 
Note: The spin of methyl viologen EPR signal is not considered, as the methyl viologen radical contributed 
to the spectra.  
 
The spin quantification is based on the assumption that the sodium dithionite reduced sample has a 
total spin of 1
91, 184





] oxidation state (either as CuZ*(4Cu1S) or CuZ(4Cu2S)), containing one 
unpaired electron (S = 1/2). 
In the case of potassium ferricyanide oxidized spectrum, the total spin has a contribution of both 
CuZ*(4Cu1S) (S = 1/2) and CuA (S = 1/2) centers, since oxidized CuZ(4Cu2S) is EPR silent 
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(S = 0). Both CuZ*(4Cu1S) and CuA centers have one delocalized electron, having a total 
contribution of 2 spin/protein. Thus, in a fully oxidized N2OR, with 100 % of “CuZ center” as 
CuZ*(4Cu1S) it is expected that the total spin would be 2. In fact, a spin of 1.8 was estimated for 
the fully oxidized N2ORpH6.5 (Table 3.5). In the presence of sodium ascorbate, CuA center is 
reduced and thus, the spin quantification is related only to “CuZ center”. A spin of 1.0 was 
estimated for the sodium ascorbate reduced N2ORpH6.5 (Table 3.5). Given the spectroscopic features 
observed above, the “CuZ center” of N2ORpH6.5 is already in the resting CuZ*(4Cu1S) state being 
expected a spin close to 1. The spin quantification indicates that N2ORpH6.5 has 90 % of “CuZ 
center” as CuZ*(4Cu1S). 
In the case of fully oxidized N2ORpH7.5 it is expected that the spin would be 1, however a lower spin 
was determined (Table 3.5), suggesting that either the sample is not fully oxidized or we can 
hypothesize that there was a problem with protein quantification. 
Upon reduction with sodium ascorbate in a sample with ~ 100 % CuZ(4Cu2S), a spin near 0 would 
be expected. Under these conditions a spin of 0.3 was estimated for N2ORpH7.5, which can be 
explained either by the presence of some CuZ*(4Cu1S) in the sample, which is paramagnetic 




], even before the 
addition of sodium ascorbate. In fact, this latter explanation is reasonable as sodium ascorbate was 
added to the as-isolated sample and the visible spectra evidenced some reduction, which also 
corroborates the low spin quantification for the as-isolated form (Table 3.5, Figure 3.16). The spin 
of sodium ascorbate reduced sample, in particular N2ORpH7.5 would be accurately determined if the 
sodium ascorbate was added to the fully oxidized sample, and in that case we would be able to 
estimate the percentage of CuZ*(4Cu1S) present. 
The N2ORpH8.5, spectroscopically identical to N2ORpH7.5, in the fully oxidized state, has a spin of 
1.3, close to the expected value of CuA contribution (spin of 1), which can be justified by the 
presence of a percentage (~ 30 %) of CuZ*(4Cu1S) in the sample (Table 3.5). 
The sample of N2ORpH8.5 reduced with sodium ascorbate has a spin quantification of 0.7, but the 




] oxidation state, already in the as-isolated N2ORpH8.5 
cannot be excluded (Supplementary Information S3). Similarly to N2ORpH7.5, ascorbate reduced 
sample was obtained by addition of sodium ascorbate to the as-isolated N2OR. These results shown 
that although some CuZ*(4Cu1S) might be present in N2ORpH8.5, its quantification could not be 
accurately determined. 
3.11 Kinetic studies  
3.11.1 Activities of different forms of N2OR  
The activity of each N2OR sample was determined in the presence of its physiological electron 
donor, cytochrome c552, or using an artificial donor, methyl viologen, by a spectrophotometric 
assay 
122
 (Chapter 2, Section 2.11.3) and the results are presented in Table 3.6.  
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N2OR were determined (Table 3.6). Thus, each of the purified N2ORs was 
activated with reduced methyl viologen during 3 h prior to the assay (see Section 2.11.1). The 




N2OR) higher than 









preparations (Table 3.6). These results evidenced that an activation of the enzyme is required.  
Since catalytic activities are directly proportional to the amount of “CuZ center” as CuZ*(4Cu1S) 
in the enzyme, the N2ORpH6.5 sample has a high percentage of CuZ*(4Cu1S), as reported before. In 





N2OR, the percentage of CuZ*(4Cu1S) in each sample can be estimated 
132, 
168
. Therefore, N2ORpH6.5 has “CuZ center” mainly as CuZ*(4Cu1S), while the “CuZ center” of 
N2ORpH7.5 and N2ORpH8.5 have mainly “CuZ center” as CuZ(4Cu2S) (~75 %), with ~25 % of 
CuZ*(4Cu1S). Moreover, a similar content of CuZ*(4Cu1S) in N2ORpH6.5 was determined by EPR 
spin quantification (Table 3.5), corroborating the specific activities. In addition, these results 
corroborate well with the visible spectra of these samples (Figure 3.16).  
 
Table 3.6 – Specific activities of M. hydrocarbonoclasticus N2OR, isolated from the growth carried out at 






























N2OR6.5 0.44  ± 0.04 192 ± 14 1.25 ± 0.07
 
 - 
N2OR7.5 0.30 ± 0.02 51 ± 18 - 0.004 ± 0.001 
N2OR8.5 0.56 ± 0.04 55 ± 5 - - 
Notes: The specific activities reported as U mg
-1





N2OR:cytochrome c552 ratio of 1:140 was used in the assay and N2OR was activated by reduced methyl 
viologen for 3 h. 
b
The N2OR:cytochrome c552 ratio of 1:100 were used in the assay 
 
Additionally, the catalytic activity of all preparations was investigated in the presence of its 
putative physiological electron donor. A different assay allowing the separation of enzyme activity 
from the activation process was previously designed 
122
 (described in Section 2.11.3), in which the 
reducing agents were removed after complete reduction of the enzyme. This ensures that in the 
activity assay there is no interference of other electron donors. 




, was determined for the fully reduced 
N2ORpH6.5, while N2ORpH7.5 reduced only with sodium dithionite has an activity of 




 (Table 3.6). Despite the lower activities observed in comparison 
with the artificial electron donor, these results demonstrate that the reduced form of CuZ*(4Cu1S) 
has a higher activity than the reduced CuZ(4Cu2S), when a relevant physiologic electron donor is 
used. Extrapolation of specific activities for a sample containing 100 % of “CuZ center” as 
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CuZ(4Cu2S) or 100 % as CuZ*(4Cu1S) are present in Table 3.7. Dithionite reduced samples were 
used to extrapolate the reactivity of 100 % CuZ(4Cu2S) using MV and cytochrome c552, which 
showed very low specific activities. 
 
Table 3.7 – Extrapolation of specific activities of M. hydrocarbonoclasticus N2OR, for “CuZ center” as 













100 % CuZ(4Cu2S) 0.17 0.0044 
100 % CuZ*(4Cu1S) 200 1.4 
Notes: The specific activities reported as U mg
-1




In an attempt to understand the observed differences between in vivo and in vitro N2O reduction, 
the rate of N2O reduction was followed during the purification process. In this assay, a decrease in 
specific activity was observed when the periplasmic extract was separated from the remaining 
cellular fractions (cytoplasm and membranes), and thus an activation mechanism involving proteins 
of the separated cell fractions can be envisaged. Further incubation of periplasm with cytoplasm 
and membrane fraction (1 h or 5 h) did not reproduce the initial N2O rates. 
The differences observed in the activity between the proposed physiological and the artificial 
electron donors may be due to the internal electron flow. As methyl viologen is a small molecule it 
might donate electrons directly to both CuA and “CuZ” centers, while cytochrome c552 most 
probably transfers electrons through CuA center, as elucidated by docking studies 
122, 154
. 
In fact, the catalytic activity in vitro is an antithesis of the in vivo process, as higher rates of N2O 
reduction were observed for N2OR purified from the growth at pH 6.5, when in fact the cells grown 
at this pH did not exhibit a measurable N2O reduction rate. Indeed, in the whole-cells activity assay 
the cells were not previously incubated with methyl viologen, but even without pre-activation, the 
activity values observed in vitro do not justify the whole-cells activity or lack of it. 
Activities in the presence of cytochrome c552 also do not justify the whole-cell activities, as 
N2ORpH6.5 presented higher catalytic activities compared to the other N2ORs. On the other hand,  




] oxidation state) in the presence of 
cytochrome c552 gives the lowest activities which also cannot explain the whole-cells activity.  
Many researchers state that in the periplasm space, such low reduction potentials are not attained 
and therefore the fully reduced CuZ*(4Cu1S) form of “CuZ center” cannot be the active form of 
the enzyme. However, it is clear that this form is the catalytic competent form in vitro, as no other 
oxidation state of this form or of the CuZ(4Cu2S) form was found to have high turnover numbers. 
Therefore, we hypothesized that CuZ(4Cu2S) might be a protective form of the enzyme, that is 
formed in the absence of electrons or substrate during purification process. 
 




M. hydrocarbonoclasticus in one of the major bacteria that populates the oceans in the subtropical 
area and in the Mediterranean sea. Its genome presents all the genes encoding the catalytic subunits 
of enzymes responsible for each step of the denitrification pathway. These genes, as well as those 
encoding accessory factors, necessary for enzyme maturation, transcriptional regulators and 
substrate transporters, were found to be organized in a common locus. Genetic clustering of 
denitrification genes has been previously described for other bacteria, however, clustering of genes 
encoding the four denitrifying reductases as observed in M. hydrocarbonoclasticus seems to be less 
frequent 
219, 256
. Such genomic arrangement of denitrification genes favors the hypothesis of the 
existence of “denitrification islands” that can be transferred horizontally across species 
21
. 
Remarkably, this organism has genes that encode two different types of NORs, q-NOR and c-NOR, 
but under the denitrifying conditions used here only the later catalytic gene subunit is expressed at 




The two types of growth conditions tested here (using a bioreactor or sealed serum flasks) can be 
regarded as models of the metabolism occurring at two different sea depths. The growth in the 
bioreactor under microaerobic conditions would be a model for the layers close to the surface, 
while the growth in the sealed serum flasks a model for deeper sea layers.  
For the growth performed in the bioreactor in the presence of nitrate, the genes encoding the 
catalytic subunits of denitrifying enzymes have a maximum expression level at the end of the first 
diauxic phase, which rapidly decreases to very low levels. A marked difference in gene expression 
is observed at more acidic pH, being the nirS expression 4-fold lower compared to pH 7.5 and 8.5. 
We propose that the initial regulatory signal is oxygen, through a FNR-homologue transcriptional 
regulator (MARHY0862), which in turn activates the DNR-type transcription regulator 
(MARHY3023). This transcription regulator responds to NO, a secondary signal, formed by 
cd1NiR, that will regulate the expression of nir, nor and nos gene clusters. The other secondary 
regulatory effector is nitrate, involved in the regulation of nar genes expression, through the 
two-component system NarXL. 
Both type of growths performed showed differences in the by-products and enzyme activities 
profiles. Although nitrate consumption occurs in the early hours of the growth, nitrite is later 
consumed and in the case of the growth in the bioreactor at pH 6.5, nitrite levels remain high 
during all the growth. The low levels of cd1Nir and its probable inactivation by nitrite accumulation 
in the growth media and consequent generation of nitrous acid are proposed to be the main causes 
of denitrification arrest at this pH.  
The ability of cells to reduced nitric and nitrous oxide is also delayed in both types of growth, as 
accessory factors are required for the maturation of N2OR (and also for cd1Nir). Moreover, our data 
indicate that NOR is active until the end of the growth (48-50 h) in both types of growths and at the 
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different pH values. However, higher reduction rates of NO by the whole-cells were observed in 
the more acidic growth performed in the bioreactor, probably due to a down-regulated mechanism, 
as in this case NO is chemically produced. Despite the high NO reduction rates, N2O reduction by 
whole-cells is practically inexistent, in the acidic growth. Nevertheless, a functional denitrification 
pathway in M. hydrocarbonoclasticus is observed from nitrate to dinitrogen gas in both growths 
performed at pH 7.5 and 8.5, while at pH 6.5, with only a drop of one pH unit from the optimal pH 
growth, the denitrification is impaired and not complete in this bacteria, and probably leads to N2O 
release to atmosphere. 
In fact, maintaining the enzyme active in vivo may require the presence of other proteins, such as 
NosR known as essential for N2OR activity in vivo 
82, 86
.  
In the present case, in order to seek for an explanation for the inability of the whole-cells (grown at 
acidic pH) to reduce N2O, we investigated: i) the expression of genes involved in N2O maturation; 
ii) the M. hydrocarbonoclasticus proteome profile and iii) the properties of N2OR isolated from 
cells grown at different pH values.  
Our data shows that the pH of the growth media does not have a clear influence in the transcription 
of any of the identified accessory genes of N2OR. Advances in proteomics allowed the 
identification of 6 proteins with differential expression at pH 6.5, but a higher number of proteome 
replicates, as well as protein identification by MS are still required to identify any regulatory 
mechanism. 
Different forms of N2OR were isolated from a microaerobic growth of M. hydrocarbonoclasticus 
performed at different pH values. Understanding the properties of the different N2OR forms is of 
prime importance as it might provide a clue to understand the relevant form of N2OR in vivo and 
the molecular mechanisms that are affected at low pH. 
Despite the low yields of protein obtained at pH 6.5, N2OR was isolated, indicating that at least part 
of the protein was translocated to the periplasm. 
Copper amount per protein is similar for both N2ORpH6.5 and N2ORpH8.5, which corroborates the 
unobserved differences in the expression of genes involved in copper assembly and that the 
mechanisms involved in copper center assembly may not be affected at this pH range. 
The N2OR isolated from different M. hydrocarbonoclasticus growth pH, exhibits different 
spectroscopic properties. From cells grown at pH 7.5 and 8.5, N2OR was isolated with “CuZ 
center” mainly CuZ(4Cu2S), while from cells grown at pH 6.5, N2OR was isolated with the “CuZ 
center” mainly as CuZ*(4Cu1S).  
In addition, the specific activities determined for each of the activated enzymes was related with 
the amount of CuZ*(4Cu1S) center present in the isolated enzyme, which in its fully reduced state, 
[4Cu
1+
], has a higher turnover number, as previously reported in 
132, 168
. In fact, upon activation 
with reduced methyl viologen, higher specific activities were determined for N2ORpH6.5 suggesting 
that this preparation has approximately 90 % of its active center as CuZ*(4Cu1S), which is in 
Chapter 3    
104 
 
agreement with the spin quantified by EPR and with its visible spectra. Lower activities were 
determined in the presence of its physiological electron donor, which are still higher for N2ORpH6.5.  
On the other hand, very low specific activities were determined without prior activation of the 
enzyme and no relationship between these activities and the forms of “CuZ center” of the enzyme 
was established, with the values calculated being in the same order of magnitude as those 
previously reported by Dell’Acqua et al 
132
.  
In conclusion, we demonstrate that acidic pH affects the denitrification pathway in 
M. hydrocarbonoclasticus and although the mechanism involved in the loss of the ability of the 
cells to reduce N2O is not fully understood, our results point to a possible mechanism: 
 i) at the post-translational level; 
 ii) enzyme transport to the periplasm by the Tat system; 
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The data present in this Chapter will be published in: 
Carreira, C.; Pauleta, S. R.; Moura, I.; Dos Santos, M.M.C. Direct electrochemistry of nitrous oxide 
reductase from Marinobacter hydrocarbonoclasticus at a carbon nanotube modified glassy carbon 
electrode. In preparation, 2018.  
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structure of the Cu4S2 center of nitrous oxide reductase from Marinobacter hydrocarbonoclasticus. 
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Contributions to this Chapter: 
The crystallographic data acquisition and the structure solved by molecular replacement 
were performed by Anja Wüst, University of Freiburg, Germany. Cíntia Carreira performed 
refinement cycles on the structure. 
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4 Characterization of different forms of N2OR 
In this Chapter, the effect of pH on the activation of N2OR is investigated for both forms of “CuZ 
center”, CuZ(4Cu2S) and CuZ*(4Cu1S), through steady-state kinetics. 
Structural differences between M. hydrocarbonoclasticus N2OR, with 17 % and 90 % of “CuZ 
center” as CuZ*(4Cu1S), were analyzed by X-ray crystallography: the overall structures, as well as 
its redox centers are presented and discussed.   
The complex redox behavior of the enzyme was examined by potentiometric redox titrations and 
direct electrochemistry. The reduction potentials of CuA and “CuZ” centers determined by these 
two techniques are compared, and the pH dependence of these values is reported and discussed 
here for the first time.  
These studies were essential to better understand the catalytic mechanism of N2OR. 
 
4.1.1 Effect of pH on the activation of N2OR 
In order to address the pH effect on the activation of M. hydrocarbonoclasticus N2OR and how it 
affects its specific activity, the enzyme was incubated with reduced methyl viologen at different pH 
values, and the N2O reduction assay was performed at pH 7.6 (Figure 4.1). It is important to point 
out that the in vitro specific activity is proportional to the content in CuZ*(4Cu1S) of the sample, 
even when using an initial preparation with a high content in CuZ(4Cu2S), due to the low turnover 







Figure 4.1 - Specific activity of N2OR with 20 % of “CuZ center” as CuZ*(4Cu1S), activated for 3 h at 
different pH values at RT. Data were fitted with a bell-shaped curve, and pKa values of 7.5 ± 0.2 and 
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The results show that the optimum pH for activation of N2OR is pH 8.5 and that higher pH does not 
seem to promote activation of the enzyme. Moreover, two apparent pKa (7.5 ± 0.2 and 9.7 ± 0.1) 
were estimated (Figure 4.1). 
The alkaline pKa = 9.7 ± 0.1 can be attributed to the deprotonation of K447 (Figure 4.2). This 
residue has been proposed to be involved in the stabilization of an intermediate species in the 
enzyme turnover. In fact, a similar pKa = 9.0 ± 0.2 has been estimated by the decay rate of the EPR 
signal intensity of CuZ*(4Cu1S) at different pH values, during reduction of this form of “CuZ 
center” to the fully reduced form 
161
. When protonated, K447 is proposed to increase the reduction 
potential of this center, which is then easier to be reduced leading to higher reduction rates of 




Figure 4.2 - Effect of pH on lysine residue (K447) in the vicinity of CuZ*(4Cu1S) center. 
 
At more acidic pH values there is also a decrease in the specific activities, and the apparent 
pKa = 7.5 ± 0.2 estimated is slightly higher than the one reported before (pKa = 6.6) 
122
, though in 
both experiments few pH values were tested in the acidic and neutral range.  
Activation profiles were previously reported for A. cycloclastes N2OR with “CuZ center” mainly as 
CuZ*(4Cu1S), in which activation at more alkaline pH (pH = 9.4) presented higher specific 
activities relative to the activation at neutral or more acidic pH values 
182
, which does not seem to 
occur with M. hydrocarbonoclasticus N2OR. 
 
4.1.2 Effect of alkaline pH  
Besides activation with prolonged incubation with reduced methyl viologen, N2OR isolated from 
some microorganisms have been shown to be activated by prolonged incubation with an alkaline 
solution 
90, 178
. This activation procedure seems to have a distinct effect on “CuZ center” as 
CuZ(4Cu2S), since the specific activity of enzyme preparations with “CuZ center” mainly as 
CuZ(4Cu2S) appears to increase without incubation with reduced methyl viologen, as the cases of 
P. stutzeri and P. aeruginosa 
90, 178




In order to further explore the effect of alkaline pH in the activation of M. hydrocarbonoclasticus 
N2OR, with 20 % of “CuZ center” as CuZ*(4Cu1S), in a reduced state, the enzyme was dialyzed 
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against 50 mM CHES buffer pH 9.7 for 24 h. Specific activities were measured in 100 mM 
Tris-HCl pH 7.6 during the assay without prior incubation with reduced methyl viologen, and 
compared with a similar assay in which the same form of N2OR was dialyzed against 50 mM 
Tris-HCl pH 7.6 (Figure 4.3). 
  
Figure 4.3 - Specific activity of N2OR with 20 % of “CuZ center” as CuZ*(4Cu1S) during dialysis against 
50 mM Tris-HCl 7.6 (filled circles) and 50 mM CHES pH 9.7 (open circles). The specific activities were 
measured at 0 h (without incubation with reduced methyl viologen) in 100 mM Tris-HCl pH 7.6. 
 
Our results show an increase in the activity of the enzyme, relative to the control, when it is 
dialyzed in the presence of an alkaline solution, with a maximum at 14 h of incubation. However, 
this was only a 5-fold increase relative to the control (Figure 4.3). This increase is in line with that 
reported for A. xylosoxidans 
92
 and P. pantotrophus 
94
 N2ORs, which also showed a slight increase 
in activity, 1.4-fold (at pH 10) and 0.5-fold (at pH 9), respectively. A pronounced increase in the 
activity was only reported for the cases of P. stutzeri 
90
 (by a 28-fold increase at pH 9.7), and 
P. aeruginosa 
178
 (by a 75-fold increase at pH 10).  
In parallel, the visible spectra of N2OR was monitored during the incubation and a shift in the 
absorption band with a maximum at 660 nm to 630 nm was observed suggesting conversion of 
CuZ(4Cu2S) into CuZ*(4Cu1S) (Figure 4.4A). We also observed a bleaching in the spectral 
features after 24 h of incubation. 
Upon oxidation with potassium ferricyanide, the ratio Abs550nm/Abs640nm of the sample initially 
dialyzed at pH 9.7, changes from 2.1 to 1.6, indicating an increase of CuZ*(4Cu1S)/CuZ(4Cu2S) 
(Figure 4.4B). This small change in the main form can explain the observed activities, as activity is 





































Figure 4.4 - Visible spectra of M. hydrocarbonoclasticus N2OR with 20 % of “CuZ center” as 




] state, (dashed line) and dialyzed against 50 mM 
CHES pH 9.7, after 14 h (dotted line) and after 24 h (solid line).  (B) Potassium ferricyanide oxidized spectra 
of N2OR after 24 h of dialysis at pH 9.7 (solid bold line) and prior to the assay (dashed-dotted line) are 
represented. Absorbance was corrected to the total protein concentration. The asterisk indicates a small 
contamination with a cytochrome. 
 
4.2 Three-dimensional structure of N2OR with “CuZ center” in different forms 
The structure of N2OR isolated from different growth conditions (pH 6.5 and 7.5, respectively) of 
M. hydrocarbonoclasticus, was solved by X-ray crystallography.  
















] (see Material and Methods, Section 2.13). Good diffraction patterns were only obtained 




] oxidation state and also 
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Figure 4.5 - Spectra of different forms of M. hydrocarbonoclasticus N2OR used to produce crystals, being 
N2ORpH6.5, with 90 % of “CuZ center” as CuZ*(4Cu1S) (dashed line) and N2ORpH7.5, with 17 % of “CuZ 
center” as CuZ*(4Cu1S) (solid line), in 100 mM Tris-HCl pH 7.6. 
 
Blue and purple crystals were obtained for N2ORpH6.5, with 90 % of “CuZ center” as CuZ*(4Cu1S), 
and N2ORpH7.5, as 17 % of “CuZ center” as CuZ*(4Cu1S), respectively, under anoxic conditions 
after 3 - 4 days, using the crystallization conditions previously reported by Prudêncio et al. 
91
 
(Figure 4.6A and B). Most of the blue crystals have a flower shape, while purple crystals often 
have a diamond shape, even though flower shaped crystals have also been observed.  
Better diffractions patterns were frequently observed for diamond shaped crystals of N2OR with 
“CuZ center” as CuZ(4Cu2S) in the reduce state. 
 
Figure 4.6 - Crystals of different forms of N2OR from M. hydrocarbonoclasticus. (A) Blue crystals were 
obtained from the preparation with 90 % of “CuZ center” as CuZ*(4Cu1S), purified from a growth carried 
out at pH 6.5 and (B) purple crystals were obtained from a 17 % of “CuZ center” as CuZ*(4Cu1S) 
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4.2.1 Overall structure and model quality 
Only one structure of N2OR from M. hydrocarbonoclasticus (solved at 2.4 Å) is deposited in PDB 
(PDB ID: 1QNI). This structure was obtained from blue crystals of the enzyme purified from a 
strictly anaerobic growth of this microorganism, in which N2OR was isolated with “CuZ center” 
mainly as CuZ*(4Cu1S) 
91, 125, 126
.  
In the present study, the best diffraction pattern was obtained at 2.4 Å and 1.9 Å for N2OR with 
90 % and 17 % of “CuZ center” as CuZ*(4Cu1S), respectively.  
Both structures were solved by molecular replacement, with the monomer of the refined structure 
of P. stutzeri used as a starting model for both patterns. 
Both crystals belong to the P61 space group and the asymmetric unit exhibits three homodimers, as 
also observed in the deposited structure of M. hydrocarbonoclasticus N2OR 
91, 125
 (Figure 4.7). Two 
domains were identified in each monomer: a C-terminal domain with a cupredoxin fold, which 
holds the CuA center and an N-terminal domain with a β-propeller fold that holds the “CuZ 
center”. Moreover, a head-to-tail geometry of the dimer is conserved in both structures, favoring 
the dimer functionality. 
 
Figure 4.7 - Structure of asymmetric unit of the purple crystal. In each dimer, the monomers are differently 
colored. One of the dimer has the surface evidenced, as well as the CuA and CuZ(4Cu2S) centers, which are 
represented by spheres, being copper atoms represented by blue spheres and sulfur atoms represented by 
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Our main focus is the structure of N2OR with “CuZ center” mainly as CuZ(4Cu2S), as in addition 
of being obtained at higher resolution, the structure of N2OR with “CuZ center” as CuZ(4Cu2S) 
had not been reported for the enzyme isolated from M. hydrocarbonoclasticus.  
The refinement statistics indicate that the final model has a good quality with a Rfactor of 18 % 
(Rfree of 23 %) for the sample with 17 % CuZ*(4Cu1S) (Table 4.1).  
Based on the superposition of C
α
 of monomer structure of N2OR from M. hydrocarbonoclasticus 
deposited coordinates (PDB ID: 1QNI), an overall r.m.s. (root mean square) deviation value of 
0.307 Å (superposition of 572 atoms) was determined for the N2OR with “CuZ center” mainly as 
CuZ(4Cu2S). Additionally, the superposition of 480 C
α
 between the monomer of N2OR and the one 
of P. stutzeri (PDB ID: 3SBP), both crystallized with “CuZ center” mainly as CuZ(4Cu2S), also 
showed a small r.m.s. deviation value of 0.615 Å, as expected given the high identity (77 %) 
between their primary sequence (Figure 4.10).  
 
Table 4.1 – Refinement statistics of the structure of M. hydrocarbonoclasticus N2OR with 17 % of “CuZ 
center” as CuZ*(4Cu1S). 
 Purple crystal 
Rfactor (%) 18 
Rfree (%) 23 
no. atoms  
    non-hydrogen atoms 27,932 
    solvent molecules 963 
    other heterogen atoms 15 
r.m.s. deviations from ideal values  
    bond lengths (Å) 0.02 







    protein main chain atoms 39.5 
    protein all atoms 35.6 
    solvent molecules 33.8 
 
The quality of the model was evaluated by MolProbity 
216
, which indicates, based on the 
Ramachandran plot, that 94.2 % of the residues are in favored regions for N2ORpH7.5. The overall 
B-factor (also called temperature factor), which reflect the fluctuation of atoms from their mean 
position, was 21.8 Å
2
 (Table 4.1). Indeed, two monomers of the asymmetric unit (molecules E and 
F) showed higher B-factors relative to the other monomers, as the amino acids on the surface of 
monomers E and F have a higher motion. 
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In both structures, two cations were consistently detected in each monomer. A calcium ion was 
observed in the N-terminal domain, while a second ion (modeled as K
+
 or as Ca
2+
) was found at the 
dimer interface (Figure 4.8). In the first reported structures these atoms were both modelled as 
calcium ions, however in P. stutzeri N2OR 
152
 a calcium and a potassium ion were identified and 
more recently the structure of apo-N2OR from S. denitrificans reconstituted with calcium suggested 
the binding of only one calcium ion per monomer 
129
.  
The relevance of the second ion is not completely understood and in fact the flexibility of the 




 is somewhat interesting as the ion charge is different, yet both 
were modelled in the structures of N2OR with “CuZ center” mainly CuZ(4Cu2S). The ligands of 
these ions are conserved between N2ORs, with exception of a methionine, which in 
M. hydrocarbonoclasticus is a threonine residue (T265). The Ca
2+
 at the N-terminal domain is 
coordinated by two Oδ of E257, two Oγ of D271 and also by carboxylic oxygen atoms of T265 and 





) is coordinated to carboxylic oxygen atom of K447, two Oδ of E462 and four 
water molecules (Figure 4.8, Figure 4.10).  
  
Figure 4.8 – Stereo representation of Ca
2+
 (green sphere) and K
+
 (purple sphere) binding sites in the 
M. hydrocarbonoclasticus N2OR structure obtained for the purple crystal at 1.9 Å. One monomer of N2OR is 
colored according to the secondary structure, while the other is colored in grey. Copper and sulfur atoms are 
represented as blue and yellow spheres, respectively. The CuA center is part to the monomer colored in grey, 
while “CuZ center” belongs to the other monomer. Figure was prepared with Pymol. 
 
Dimer interface region is also highly conserved between the structures, containing mainly 
non-polar residues favoring Van der Waals interactions, which are essential to stabilize the dimer, 
together with hydrogen bonds and the calcium ion 
157
.   
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In fact, both CuA and “CuZ” centers have hydrophobic residues in their vicinity, being these the 
more hydrophobic regions of N2OR surface (Figure 4.9B). This was expected, since previous 
studies have proposed that the nature of complex formed between cytochrome c552, the putative 
physiologic electron donor, and M. hydrocarbonoclasticus N2OR has a hydrophobic character, with 




Figure 4.9 – Structure of purple crystal of M. hydrocarbonoclasticus N2OR. (A) Representation of the 
backbone with one of the monomers highlighted, and colored according to the secondary structure. The CuA 
and CuZ(4Cu2S) centers are represented by spheres, being copper atoms represented by blue spheres and 
sulfur atoms represented by yellow spheres. (B) Surface is colored according to Eisenberg hydrophobicity 
scale (highly hydrophobic residues are colored in red). CuA center region is identified with a dashed circle. 
Figure was prepared with Pymol. 
 
4.2.2 Structural features of CuA center 
The binuclear CuA center, is located at the C-terminal domain and the residues involved in its 
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Mh  MKKRDDLTKDTPEVSEG-GLSRRRFMGAAA----LAGV-------A-GATGLGTSVMSRETWAAAAEEARNKAHVAPGELDE  69 
Ps  MSDKD--SKNTPQVPEKLGLSRRGFLGASA----VTGA-------AVAATALGGAVMTRESWAQAVKESKQKIHVGPGELDD  69 
Pd  M----E------SKQEK-GLSRRALLGATAGGAAVAGAFGGRLALGPAALGLGTAGVATVAGSGAALAASGDGSVAPGQLDD  71 
Ac  M----E------SKEHK-GLSRRALFSATAGSAILAGT------VGPAALSLGAAGLATPARA----ATGADGSVAPGKLDD  61 
Sd  MSENSE--NKSLELQDS---SRRSFMGRSA----LIGA-------G-AVAAPMTAAMFASMAKAQTQTQGASAVVHPGELDE  65 
                :  .  . *** ::. :*      *:       .  :  :  : .              .  * **:**:  
 
Mh  YYGFWSGGHQGEVRVLGVPSMRELMRIPVFNVDSATGWGITNESKEILGG--------------DQQYLNGDCHHPHISMTD 137 
Ps  YYGFWSGGHQGEVRVLGVPSMRELMRIPVFNVDSATGWGLTNESRHIMGD--------------SAKFLNGDCHHPHISMTD 137 
Pd  YYGFWSSGQSGEMRILGIPSMRELMRVPVFNRCSATGWGQTNESVRIHERTMSERTKKFLAANGKRIHDNGDLHHVHMSFTE 153 
Ac  YYGFWSSGQTGEMRILGIPSMRELMRVPVFNRCSATGWGQTNESIRIHQRTMTEKTKKQLAANGKKIHDNGDLHHVHMSFTD 143 
Sd  YYGFWSGGHSGEVRILGIPSMRELMRIPVFNIDSATGWGITNESKRIKGD--------------SAHLMTGDSHHPHMSMTD 133 
    ******.*: **:*:**:********:****  ****** **** .*                 .    .** ** *:*:*: 
 
Mh  GRYDGKYLFINDKANTRVARIRLDIMKTDKITHIPNVQAIHGLRLQKVPKTNYVFCNAEFVIPQPNDGTDFSL--DNSYTMF 217 
Ps  GKYDGKYLFINDKANSRVARIRLDIMKCDKMITVPNVQAIHGLRLQKVPHTKYVFANAEFIIPHPNDGKVFDLQDENSYTMY 217 
Pd  GKYDGRFLFMNDKANTRVARVRCDVMKCDAILEIPNAKGIHGLRPQKWPRSNYVFCNGEDETPLVNDGTNM-EDVANYVNVF 234 
Ac  GKYDGRYLFMNDKANTRVARVRCDVMKTDAILEIPNAKGIHGMRPQKWPRSNYVFCNGEDEAPLVNDGSTM-TDVATYVNIF 224  
Sd  GSYNGKYVFINDKANSRVARIRCDVMKTDKMITIPNVQAIHGLRVQKVPYTKYVICNGEFEIPMNNDGKASLEDVSTYRSLF 215 
    * *:*:::*:*****:****:* *:** * :  :**.:.***:* ** * ::**:.*.*   *  ***.       .  .:: 
 
Mh  TAIDAETMDVAWQVIVDGNLDNTDADYTGKYAASTCYNSERAVDLAGTMRNDRDWVVVFNVERIAAAVKAGNFKTIGDSKVP 299 
Ps  NAIDAETMEMAFQVIVDGNLDNTDADYTGRFAAATCYNSEKAFDLGGMMRNERDWVVVFDIHAVEAAVKAGDFITLGDSKTP 301 
Pd  TAVDADKWEVAWQVLVSGNLDNCDADYEGKWAFSTSYNSEKGMTLPEMTAAEMDHIVVFNIAEIEKAIAAGDYQELNGVK-- 314 
Ac  TAVDADKWEVAWQVKVSGNLDNCDADYEGKWAFSTSYNSEMGMTLEEMTKSEMDHVVVFNIAEIEKAIKAGQYEEINGVK-- 304 
Sd  NVIDAEKMEVAFQVMVDGNLDNTDADYDGKYFFSTCYNSEMGMNLGEMITAERDHVVVFSLERCLAALKAGKFTNYNGNKVP 297 
    ..:**:. ::*:** *.***** **** *::  :*.**** .. *  :   : * :***::  .  *: **.:   .. *         
 
Mh  VVDGRG----ESEFTRYIPVPKNPHGLNTSPDGKYFIANGKLSPTVSVIAIDKLDDLFEDKI-ELRDTIVAEPELGLGPLHT 376 
Ps  VLDGRKKDGKDSKFTRYVPVPKNPHGCNTSSDGKYFIAAGKLSPTCSMIAIDKLPDLFAGKLADPRDVIVGEPELGLGPLHT 383 
Pd  VVDGRKE--ASSLFTRYIPIANNPHGCNMAPDKKHLCVAGKLSPTATVLDVTRFDAVFYENA-DPRSAVVAEPELGLGPLHT 393 
Ac  VVDGRKE--AKSLFTRYIPIANNPHGCNMAPDRKHLCVAGKLSPTVTVLDVTKFDALFYDNA-EPRSAVVAEPELGLGPLHT 383 
Sd  VLDGRK----GSDLTRYIPVPKSPHGINTAPDGKYFVANGKLSPTVSVVEIARLDDVFSGKI-QPRDAIVAEPELGLGPLHT 374 
    *:***      * :***:*: :.*** * : * *:: . ****** ::: : ::  :*  :  : *..:*.*********** 
 
Mh  TFDGRGNAYTTLFIDSQVCKWNIADAIKHYNGDKVNYIRQKLDVQYQPGHNHASLTESRDADGKWLVVLSKFSKDRFLPVGP 458 
Ps  TFDGRGNAYTTLFIDSQVVKWNMEEAVRAYKGEKVNYIKQKLDVHYQPGHLHASLCETNEADGKWLVALSKFSKDRFLPVGP 465 
Pd  AFDGRGNAYTSLFLDSQVVKWNIEDAIRAYAGEKVDPIKDKLDVHYQPGHLKTVMGETLDATNDWLVCLSKFSKDRFLNVGP 475 
Ac  AFDGRGNAYTSLFLDSQVVKWNIDEAIRAYAGEKINPIKDKLDVQYQPGHLKTVMGETLDAANDWLVCLCKFSKDRFLNVGP 465 
Sd  AFDNKGNAFTTLFLDSQIAKWNIQDAIKAYNGEKVNYLRQKLDVHYQPGHNHTSQGETRDTDGKWLVVLCKFSKDRFLPVGP 456 
    :**.:***:*:**:***: ***: :*:: * *:*:: :::****:***** ::   *: :: ..*** *.******** *** 
       
Mh  LHPENDQLIDISGEEMKLVHDGPTYAEPHDCILVRRDQIK-TKKIYERNDPYFASCRAQAEKDGVTLES-DNKVIRDGNKVR 538 
Ps  LHPENDQLIDISGDEMKLVHDGPTFAEPHDCIMARRDQIK-TKKIWDRNDPFFAPTVEMAKKDGINLDT-DNKVIRDGNKVR 545 
Pd  LKPENDQLIDISGDKMVLVHDGPTFAEPHDAIAVHPSILSDIKSVWDRNDPMWAETRAQAEADGVDIDNWTEEVIRDGNKVR 557 
Ac  LKPENDQLIDISGDKMVLVHDGPTFAEPHDAIAVSPSILPNIRSVWDRKDPLWAETRKQAEADEVDIDEWTEAVIRDGNKVR 547 
Sd  LRPENDQLIDISGDEMKLVHDGPTFAEPHDCMIVHRSKVK-PQKLWTRDDPMFADTVAMAKQDGVTLEM-DNKVIRDGNKVR 536 
    *:***********::* *******:*****.: .  . :   :.:: *.** :*     *: * : ::   : *********  
 
Mh  VYMTSVAPQYGMTEFKVKEGDEVTVYITNLDMVEDVTHGFCMVNHGVSMEISPQQTASVTFTAGKPGVYWYYCNWFCHALHM 620 
Ps  VYMTSMAPAFGVQEFTVKQGDEVTVTITNIDQIEDVSHGFVVVNHGVSMEISPQQTSSITFVADKPGLHWYYCSWFCHALHM 627 
Pd  VYMSSVAPSFSIESFTVKEGDEVTVIVTNLDEIDDLTHGFTMGNYGVAMEIGPQMTSSVTFVAANPGVYWYYCQWFCHALHM 639 
Ac  VYMTSVAPSFSQPSFTVKEGDEVTVIVTNLDEIDDLTHGFTMGNHGVAMEVGPQQTSSVTFVAANPGVYWYYCQWFCHALHM 629 
Sd  VYMTSIAPNFGMNEFKVKLGDEVTVVVTNLDQVEDVTHGFCMTNHGVQMEVAPQATASVTFIANKPGVQWYYCNWFCHALHM 618 
    ***:*:** :.  .*.** ****** :**:* ::*::*** : *:** **:.** *:*:** * :**: ****.******** 
     
Mh  EMGGRMLVEKA-- 631 
Ps  EMVGRMMVEPA-- 638 
Pd  EMRGRMLVEPKEA 654 
Ac  EMRGRMFVEPKGA 642 
Sd  EMRGRMLVEA--- 628 
    ** ***:**     
Figure 4.10 – Primary sequence alignment of N2ORs whose structure have been deposited in the PDB. The 
conserved “CuZ” ligands are highlighted in light blue and the lysine and glutamate residues in the vicinity 
are identified by a grey box. CuA ligands are highlighted in dark blue and the residues coordinating the 
rotated histidine by a dark blue box. Residues postulated to be part of the intermolecular electron transfer are 
highlighted in red, and those of the intramolecular electron transfer are identified with a pink box (pathway 1) 
and with a brown box (pathway 2). Residues highlight at green and violet coordinate the calcium and the 
potassium ions, respectively. Residues highlight in orange are involved in re-orientation of N2O molecule. 
The tat-motif is underlined and the start of mature proteins is identified with a black square. Bacterial species 
are identified by: Mh – Marinobacter hydrocarbonoclasticus, Ps – Pseudomonas stutzeri, Pd – Paracoccus 
denitrificans, Ac – Achromobacter cycloclastes and Sd – Shewanella denitrificans. Asterisks, colons or stops 
below the sequence indicate identity, high conservation or conservation of the amino acids, respectively. 
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In all monomers of the asymmetric unit of both structures, the copper atoms are coordinated to Sγ 
of C611 and C615, being CuA1 also bound to Nε2 of H576 and a Sγ of M622, while CuA2 is 
coordinated to the Nε2 atom of H619 and to the carbonyl group of W613.  
Interestingly, none of the monomers of the asymmetric unit (in both structures) showed a flipped 
histidine residue (H576), even in the CuZ(4Cu2S) form, as opposite to most monomers of the 
asymmetric unit of P. stutzeri N2OR without substrate, with “CuZ center” in this form 
152
. 
Additionally, other crystal obtained from a different batch of M. hydrocarbonoclasticus N2OR, 
with “CuZ center” mainly as CuZ(4Cu2S), solved at 2 Å resolution, also showed H576 
coordinating CuA1 in all monomers of the asymmetric unit.  
Moreover, crystals of M. hydrocarbonoclasticus N2OR, with 17 % of “CuZ center” as 
CuZ*(4Cu1S), were obtained from a preparation with CuA center reduced (Figure 4.6B), while the 
P. stutzeri N2OR used in the crystallization appears to have been isolated with CuA center 
oxidized 
152
. Thus and assuming that P. stutzeri N2OR crystals did not undergo photoreduction, the 
switching mechanism might have a relation with the oxidation state of CuA center in the purple 
form, but parallel crystallization of oxidized and reduced CuA center are still needed to draw 
further conclusions. Although the causes of the histidine flip are not yet completely understood, the 
hypothesis of being a mechanism that is triggered by the presence of substrate cannot be excluded. 
CuA center has a role in both inter- and intramolecular electron transfer, as it mediates the electron 
transfer from cytochrome c552 to the catalytic center of M. hydrocarbonoclasticus N2OR 
122, 154
. The 
residues A545, D569, V574, H616 and L618 are involved in the electron transfer from the heme 
group to the CuA center, while two pathways were proposed for electron transfer from CuA center 
to “CuZ center” 
154
. In pathway one, the electrons are transferred from W613, which coordinates 
CuA2, to F614 and then to the CuI-CuIV edge ligand (water derivative molecule of CuZ*(4Cu1S)) 
(Figure 4.10) 
154
. In the pathway two proposed, the electrons are transfer from H619, which 
coordinates CuA1, via M620 to H128, which coordinates the CuII atom in the “CuZ center” (Figure 
4.10) 
154
. Additionally, both S542 and D558 are also highly conserved, which were reported to 




4.2.3 Structural features of “CuZ center” 
The active site of the enzyme has a central location in the β-propeller folded N-terminal domain, 











Figure 4.11 – Representation of the interface region between the functional dimer colored by Eisenberg 
hydrophobicity (the most hydrophobic residues are colored in red) in the structure of 
M. hydrocarbonoclasticus N2OR with 17 % of “CuZ center” as CuZ*(4Cu1S). Hydrophobic residues in this 
region form a channel for the access of the substrate to the “CuZ center”. The re-orientation of the N2O 
molecule is through M620 and F614 residues. Figure was prepared with Pymol. 
 
Despite the low copper quantification per protein frequently obtained in N2OR isolated from some 
microorganisms 
20
, M. hydrocarbonoclasticus N2OR is often isolated with ~ 10 Cu atoms per 
dimer, especially when grown at pH 7.5 in strictly anaerobic conditions (see Chapter 3, Table 3.3) 
91
.  
In the structures of “CuZ center” of both forms, CuZ(4Cu2S) and CuZ*(4Cu1S), there is a clear 
electron density for the occupancy of the four copper atoms arranged in a distorted tetrahedron and 
a central labile sulfur atom, similar to other reported structures. The copper atoms in this center are 
coordinated by a total of seven histidine residues that are strictly conserved among the primary 
structures of N2ORs (Figure 4.10).  
In both cases, CuI, CuII and CuIII are coordinate by two histidine residues (H375 and H320; H129 
and H178; H426 and H130, respectively), while CuIV is coordinated by only one (H487).  
Indeed, in the structural data obtained for N2OR with 17 % of “CuZ center” as CuZ*(4Cu1S) no 
positive or negative electron density in the copper atoms was detected, suggesting a full occupancy 
for these atoms. In the case of N2OR with 90 % of “CuZ center” as CuZ*(4Cu1S), a small positive 
density in the “CuZ center” was detected in some monomers, which might be due to a lower copper 
occupancy. In fact, a slightly decrease of the copper occupancy in “CuZ center” (from 1.0 to 0.8) in 
N2OR with 90 % of “CuZ center” as CuZ*(4Cu1S), improved the fitting of the electron density. 
In particular, a major difference between structures was detected regarding the edge ligand between 
CuI and CuIV, as expected by the different spectroscopic features described in Chapter 3 
(Section 3.10).  
Electron density maps generated with a sulfur atom as the edge ligand in the “CuZ center” structure 
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density at the sulfur atom, suggesting that the model should have an atom with fewer electrons 
(Figure 4.12A). In fact, an oxygen atom from a water-derived molecule, fits better at the edge 
ligand of the N2OR with 90 % of “CuZ center” as CuZ*(4Cu1S), in accordance with the previously 
deposited structure of N2OR from this organism (PDB ID: 1QNI) 
126
. An approximately distance of 
2.4 Å was calculated between the oxygen atom and both CuIV and CuI atoms. 
  
Figure 4.12 – Difference electron density maps for the “CuZ center” in a sample with 90 % of “CuZ center” 
as CuZ*(4Cu1S) (A) and 17 % of “CuZ center” as CuZ*(4Cu1S) (B). The coppers and sulfur atoms are 
represented by blue and yellow spheres, respectively. In panel (A) electron density map 2F0-Fc is contoured 
at 3.0 σ (blue) and the F0-Fc electron density map calculated is contouring at -1.5 σ level (red). In panel (B) 
electron density map 2F0-Fc is contoured at 1.0 σ (blue) and the F0-Fc electron density map calculated is 
contouring at 3.0 σ level (purple). F0 and Fc are the observed and calculated structure factors, respectively. 
Difference electron density maps were generated by Fast Fourier Transform (CCP4: Supported program) and 
the figures were prepared with Pymol. 
 
On the other hand, in the structure of N2OR with 17 % of “CuZ center” as CuZ*(4Cu1S), the 
CuI-CuIV edge of “CuZ center” was modelled with a sulfur atom in all the monomers, which fits 
well with the electron density observed (Figure 4.12B). The sulfur atom is at approximately 2.4 Å 
from CuI and at a 2.5 Å from CuIV, in line with the distances reported for the second sulfur in 
P. stutzeri N2OR 
152
. 
This difference in the edge ligand corroborates the differences in the spectroscopic properties 
described before between N2ORpH6.5 and N2ORpH7.5 (Figure 4.5).  
Although the three-dimensional structures of N2OR with “CuZ center” as CuZ(4Cu2S), 
CuZ*(4Cu1S) and also of the apo-form have been reported 
125, 126, 129, 151, 152, 157
, there are still 
unanswered questions, such as the on/off mechanism of histidine in CuA center, the crystallization 
of the fully reduced CuZ*(4Cu1S) (which is the active form in vitro) or how inhibitors and 
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substrate bind to the different forms of the enzyme, since the only deposited structures of N2OR 
pressurized with substrate has “CuZ center” as CuZ(4Cu2S), and both centers are in the fully 




4.3 Redox behavior of the copper centers of M. hydrocarbonoclasticus N2OR 
4.3.1 Redox titration 
Spectroscopic studies proved that both CuA and CuZ(4Cu2S) can be reversible reduced, contrary 
to CuZ*(4Cu1S), which can only be reduced after prolonged incubation in the presence of reduced 
methyl viologen. Although the two redox centers, CuA and CuZ(4Cu2S), are present, they behave 
independently in an oxidation/reduction process. 
Potentiometric redox titrations were monitored by visible spectroscopy at two wavelengths, 660 nm 
and 800 nm, used to follow the reduction/oxidation events related to CuZ(4Cu2S) and CuA centers, 
respectively (Figure 4.13). In fact, CuA center is often monitored at 540 nm, as this band has 
higher intensity, however the oxidized CuZ(4Cu2S) center also contributes at 550 nm, masking 
CuA features. The absorbance at 480 nm was not used, as the sample in this experiment has a 
contamination with a cytochrome. In the case of CuZ(4Cu2S), absorbance was followed at the 
maximum absorption band of CuZ(4Cu2S) in the reduced state (660 nm), as at 550 nm there is 
higher contribution of CuA center. 
The titrations were initiated with fully oxidized N2OR, varying the potential from + 400 mV 
to - 200 mV (or to – 400 mV for pH higher than 10).  
The spectroscopic data obtained show that both oxidative and reductive titration curves are 
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Figure 4.13 – Potentiometric redox titration of N2OR, with 15 % of “CuZ center” as CuZ*(4Cu1S), 
performed at pH 7.6. The CuA (diamonds) and the CuZ(4Cu2S) (circles) centers were followed by visible 
spectroscopy at 800 and 660 nm, respectively. For both centers the absorbance was monitored in the 
reductive (filled symbols) and oxidative (open symbols) titration. The titration of each center was fitted to 
one-electron process using the Nernst equation, with a Em,7.6 = + 272 ± 10 mV (vs SHE) for CuA center and a 
Em,7.6  = + 65 ± 10 mV (vs SHE) for CuZ(4Cu2S) center. The insert is an example of the bands followed in 
the visible spectra, being the oxidation and reduction process represented by solid bold and dashed arrows, 
respectively. 
 
The curves were fitted to Nernst equation of one-electron reduction for each center with reduction 
potentials of + 272 ± 10 mV and + 65 ± 10 mV, vs SHE, at pH 7.6. The more positive reduction 
potential was observed after addition of sodium ascorbate to the fully oxidized sample and is 








] redox couple of CuA center.  
The reduction potential determined for CuA center is slightly higher than the value previously 
reported for M. hydrocarbonoclasticus N2OR (Em,7.6 = + 240 mV) in a preparation containing “CuZ 
center” mainly as CuZ*(4Cu1S), by potentiometric redox titration studies 
148
. A similar value 
(Em,7.5 = + 260 mV) was determined for this center in P. pantotrophus N2OR 
131
. Moreover, the 
reduction potential assigned to CuA center of CcO have also similar values, as is the case of 
Thermus thermophiles (Em,6.5 = + 265 ± 10 mV) 
258
.  









] redox couple of CuZ(4Cu2S), in agreement with the value 




4.3.1.1 pH dependence 
The pH dependence of the reduction potential of both CuA and CuZ(4Cu2S) centers was also 



































E (mV) vs SHE
Chapter 4    
122 
 
The reduction potential of CuA center was followed by visible spectroscopy at 480 nm at different 
pH values, ranging from 6.5 to 8.5, using a N2OR sample with 50 % of “CuZ center” as 
CuZ*(4Cu1S). In most of the titrations performed, no significant hysteresis was observed between 
the oxidative and reductive curves suggesting that CuA center can be reversibly reduced at 
different pH values. The plot of the reduction potentials determined as a function of pH is 
presented (Figure 4.14).  
 
Figure 4.14 – pH dependence of the reduction potentials of CuA center at 20 °C. The potentiometric redox 
titrations were followed by visible spectroscopy at 480 nm in a N2OR sample with 50 % of “CuZ center” as 
CuZ*(4Cu1S). Data obtained were fit (solid line) by a linear regression: y = - 54.2x + 652.8, R
2
 = 0.987. 
 
The reduction potential of CuA center varies linearly with pH (Figure 4.14). This relation has a 





coupled process at 20 °C, indicating that under those conditions CuA center reduction is coupled to 
the binding of one proton. However, the spectrum of fully oxidized N2OR at pH values between 5.5 
and 8.1 did not show any differences in the CuA center absorption bands (data not show) 
167
, 
suggesting that in this pH range the protonation/deprotonation of side chains of residues directly 
coordinating the metal does not occur. Therefore, there must be another protonable residue close to 
CuA center that influences its reduction potential. 
The pH dependence of CuA reduction potential and pH effect on the visible spectra have 





, and also for the modified azurin 
261
. In the case of the modified azurin a pKa 
of 4.8 was estimated and a sharp variation of the potential with pH was reported 
261
, while in the 
native CcO from T. thermophiles ba3 at pH between 4 - 7 low variations of CuA reduction potential 
were reported 
262
. Indeed, the protein matrix must have a role in such variations of the reduction 
potential of CuA center with pH, which probably explains the different behavior observed for CuA 
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Relative to “CuZ center”, MCD and EPR spectroscopic studies showed the lack of pH dependence 
of CuZ(4Cu2S) spectroscopic features (between pH 6 and 10) 
164
. Nonetheless, the pH dependence 
of its reduction potential has not been reported, and so potentiometric studies were performed 
between pH 6.5 and 10.4, at ~ 20 °C, using a N2OR sample with 15 % of “CuZ center” as 
CuZ*(4Cu1S) (Figure 4.15, Table 4.2).  
 
Figure 4.15 – pH dependence of the reduction potential of N2OR, with 15 % of “CuZ center” as 
CuZ*(4Cu1S). Potentiometric redox titrations were performed at 20 °C followed by visible spectroscopy at 
660 nm in the reductive (filled symbols) and the oxidative (open symbols) direction at pH 6.5 (diamonds), 
7.6 (circles), 9.0 (squares), 10.2 (triangles) and 10.4 (crosses). The titration at each pH (indicated in each 
panel) was fitted to one-electron process using the Nernst equation. Titrations at pH 10.2 and 10.4 are only 
represented for the reductive direction. Note that the oxidative titration performed at pH 6.5 fits better for two 
electrons, most likely this is an artifact caused by an unreached equilibrium during the oxidation. 
 
Table 4.2 – Oxidative and reductive reduction potentials of CuZ(4Cu2S) center of M. hydrocarbonoclasticus 
N2OR at different pH values. 
pH Em, oxidative Em, reductive 
6.5 + 66 ± 5 mV + 128 ± 5 mV 
7.6 + 63 ± 5 mV + 67 ± 5 mV 
9.0 + 60 ± 5 mV - 9 ± 5 mV 
10.2 - - 250 ± 5 mV 
10.4 ND - 240 ± 5 mV 
Note: ND – not determined 
 
The redox titrations performed at pH 6.5 and pH 9.0 showed a hysteresis effect, which is a redox 
behavior different from the one observed for the potentiometric titration at pH 7.6 (Figure 4.15). 
Moreover, this hysteresis has a difference of ca. 60 mV between the reduction potential of the two 
directions (Figure 4.15, Table 4.2). This effect is most probably due to the pH dependence of the 
reductive titration.  
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The reductive titration, between pH 6.5 and 9.0, presents a decrease in the reduction potential as the 
proton concentration decreases in solution, which is characteristic of a pH-dependent system 
(Figure 4.15 and Supplementary Information S4 – Figures S4.2 and S4.3). Despite the few pH 
values tested, a strong effect of pH (- 55 mV per pH unit) was observed, which is consistent with 
the variation of - 58 mV per pH unit, characteristic of an oxidation-reduction process coupled with 
proton binding 
263
, suggesting that the one-electron reduction of CuZ(4Cu2S) is associated with the 
binding of one proton. 
The reductive titration performed at high pH values (pH 10.2 and 10.4) exhibits also a Nernstian 
behavior, but falling below the trend line followed by the reduction potentials, due to some protein 
precipitation that starts to occur at these high pH values (Figure 4.15, Table 4.2). Additionally, this 
fact can also explain the difficulty in titrating CuZ(4Cu2S) in the oxidative direction at pH 10.2, 
making it impossible to fit the data. 
Although more experimental data are required to completely understand this process, in order to 
find an explanation for the observation of hysteresis and that the reductive titration is pH dependent 
the following model was proposed for the reduction of CuZ(4Cu2S) (Figure 4.16). This mechanism 
involves two macroscopic oxidation states with four possible microstates, which are differently 
populated at the different pH values.  
  
Figure 4.16 – Scheme illustrating the possible microstates of the CuZ(4Cu2S) center of 
M. hydrocarbonoclasticus N2OR. The hexagons represent the CuZ(4Cu2S) center, which can be oxidized 
(open hexagons) or reduced (filled hexagons). The protonated (dashed circles) and deprotonated (solid 
circles) microstates are grouped according its oxidation potential, being P0 and P0H representing the oxidized 
and oxidized protonated microstates, and P1 and P1H representing the reduced and reduced protonated 
microstates, respectively. 
 
Recent spectroscopic studies on the protonation states of CuZ(4Cu2S) have identified two pKa 
values, a pKa ~ 3 and a pKa ~ 11, depending on the oxidation state of the “CuZ center” 
164
. The 
pKa ~ 11 was assigned to the thiolate edge ligand when the center is reduced, and the pKa ~ 3 was 
predicted for the sulfide edge ligand in the oxidized form of the center. These pKa values were used 
to estimate the different microstates according to the proposed model in Figure 4.16, at each 
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molar ratios of the different microstates in this pH range, suggesting that the redox behavior 
observed cannot be explained by these pKa values (Supplementary Information S4 – Figure S4.1), 
as differences in the experimental data were clearly observed. 
However, there are other factors that can influence the reduction potential of a redox center, such as 
the protonation/deprotonation of residues side chains directly coordinating the metal ions, 
conformational changes of the redox centers, solvent effects and also electrostatic interactions in 
the proximity of the redox center 
264
.  
In order to explain the experimental data, the X-ray structure of “CuZ center” was analyzed to 
identify the presence of ionizable residues in the vicinity of “CuZ center” that could influence the 
reduction potential of this center (Supplementary Information S4 – Figure S4.4). In fact, in the 
reduced state K447 might be involved in the stabilization of the thiolate edge ligand of 
CuZ(4Cu2S). Besides this residue, in the vicinity of “CuZ center” the only ionizable groups are the 
histidine side chains that coordinate the copper atoms of “CuZ center”, and in fact its protonation 
might influence the reduction potential of “CuZ center”. Considering that a pKa = 9.2 has been 
attributed to K447 and that the pKa of the histidine residues that coordinate the copper atoms of 
“CuZ center” was estimated by in silico analysis of its coordinates to be close to 6.0, these two pKa 
values were used in the mathematic model to estimate the molar ratio of the different microstates 
during the titration at the different pH values (Supplementary Information S4 – Figure S4.3 and 
Equations S4.2 – S4.7).  At pH 7.6, the deprotonated form (P0) dominates the oxidized state, while 
the reduced state is dominated by the protonated form (P1H). At this pH, we proposed an electron 
route from P0 to P1H, with a coupled transfer of electrons and protons.  
On the contrary, at pH 6.5, a mixture of both microstates (P0 and P0H) is observed in the oxidized 
state while the reduced state is dominated by the protonated form (P1H). A similar effect is 
observed at pH 9.0, in which in the reduced state there is a mixture of both microstates, while the 
oxidized form is dominated by the deprotonation one. This lack of dominance of a microstate on 
the titrations performed at these pH values (6.5 and 9.0), in either the oxidized or reduced state 
might explain the difficulty in the re-oxidative process of the redox titration: protonation of one or 
several of the histidine side chains that coordinate “CuZ center” leads to uncoordination of a 
copper atom (oxidized form) and the thiolate edge ligand of the reduced form is less stabilized by 
the deprotonation of K447 (reduced form).  
 
4.3.2 Electrochemical behavior 
The redox behavior of metal centers of N2OR is complex and although it is now better understood 
after the potentiometric studies, the redox properties of the chemically inert CuZ*(4Cu1S) center 
are still a challenge. Understanding the mechanisms involved in the electron transfer and catalytic 
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process is crucial and thus electrochemical techniques, cyclic voltammetry and differential pulse 
voltammetry were used to further inspect the redox behavior of this enzyme. 
Electrocatalytic reduction of N2O by N2OR was previously reported through mediated electron 
transfer by small electron shuttle proteins: cytochrome c552 using fully reduced 
M. hydrocarbonoclasticus N2OR 
148 




However, no direct electron transfer between the electrode and N2OR has been reported so far. 
We have used several approaches to promote the direct electron transfer using modified gold, 
graphite or carbon surfaces, as well as the use of different (charged) promoters, as polylysine and 
neomycin, but no electrochemical signals were observed. In addition, thin layer and membrane 
configuration were also tested, as well as electrochemistry in solution, but no differences from the 
blank voltammograms were detected. In fact, direct electrochemistry of N2OR can be very 
challenging, as this is a large protein containing multiple redox centers in which the catalytic center 
is buried from the surface and thus a proper electron transfer pathway through CuA center to the 
“CuZ center” might be required.  
Highly conductive and chemically stable materials with a large surface area can improve the 
immobilization process and also enhance the electron transfer, as is the case of carbon nanotubes 
(CNTs), which use has been notably growing in electrochemical and biochemical applications 
265-
267
. CNTs are composed of rolled graphene sheets forming tubes of small diameters (in the order of 
nanometers) and can be divided into single-walled carbon nanotubes (SWCNTs) or multi-walled 
carbon nanotubes (MWCNTs), with the later comprising several cylindrical-sheets with diameters 
of 2 – 100 nm 
265
.  
MWCNTs properties and performance are related with the pre-treatment to which they are 
subjected. These pre-treatments are usually acidic (e.g. HNO3 or H2SO4) and thermic, which 
remove impurities and confer an open-ended tube with functional groups, such as carboxylic acids, 
alcohols and quinones 
218, 265, 268
. Further functionalization with other groups (such as thiols, amino 
acids, amides) can also be performed 
268
. 
In this section, MWCNTs were used to investigate the direct electron transfer between the 
electrodes and N2OR. MWCNTS were exposed to HNO3 and also to a thermal treatment and then 
dispersed in DMF solution, to introduce oxide functional groups, able to interact with N2OR. 
Moreover, electrocatalytic activity of N2OR (without pre-activation) assisted by cytochrome c552, 
was also investigated. 
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4.3.2.1 Direct electrochemistry 
4.3.2.1.1 Non-turnover conditions  
Cyclic voltammetry was first used to evaluate the non-turnover behavior of N2OR in a 100 mM 
potassium phosphate buffer solution at pH 7.0.  
Modification of glassy carbon (GC) surface with MWCNTs generates higher capacitive currents 
than those of bare GC. Similar currents were observed for different electrode modifications, 
indicating that MWCNTs layers are reproducible. Typically, a ratio between the electroactive and 
geometric area, Aele/Ageo of ~ 110 was estimated between the capacitive current in the presence of 
MWCNTs and the bare GC electrode. 
Initial cyclic voltammetric studies were conducted with a N2OR preparation with 60 % of “CuZ 
center” as CuZ*(4Cu1S).  
Direct electrochemistry of the enzyme was achieved with two signals identified in the 
voltammograms when N2OR was deposited on the MWCNTs layer: a cathodic peak (Epc
I
) with an 
anodic counterpart (Epa
I





negative potentials, with a less clear anodic counterpart, denominated as signal II (Figure 4.17). 
Note that in the absence of the enzyme, no new peaks were observed with continuous scans over 
the same potential window. Nevertheless, capacitive currents start to decrease after some time, 
possibly due to the loss of carbon nanotubes to the electrolyte.  
 
 
Figure 4.17 – Cyclic voltammograms of 200 µM of N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S), 
immobilized onto a MWCNTs layer coated on a glassy carbon electrode, in 100 mM potassium phosphate 
pH 7.0 at a scan rate of 10 mV s
-1
. Dashed line represents the MWCNTs layer prior to enzyme 
immobilization and solid line voltammogram was obtained after N2OR immobilization. The arrow represents 
the direction of the scan. Signal Ia and signal Ic, represents the anodic and cathodic peak of signal I and 
signal IIa and IIc represents the anodic and cathodic peak of signal II.  
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currents of the peaks were detected and therefore they can only be attributed to the direct 
electrochemical response of the enzyme. 
The behavior of N2OR on the modified GC electrode was evaluated by varying the scan rate 
(Figure 4.18). 
 
Figure 4.18 – Cyclic voltammograms (5 ≤ v ≤ 100 mV s
-1
) of 200 µM of N2OR with 60 % of “CuZ center” 
as CuZ*(4Cu1S), immobilized onto a MWCNTs layer (7 µL) coated on a glassy carbon electrode, in 
100 mM potassium phosphate pH 7.0.  
 
The peaks at high potentials (signal I), reveal a E°’ = + 385 ± 5 mV (vs SHE), determined from the 




)/2, at pH 7.0, given that this average 
remained almost constant in the scan range from 5 to 100 mV s
-1
. On the other hand, the separation 




 increases with the scan rate (ΔEp, varying from 40 mV at 
5 mV s
-1
 to 308 mV at 100 mV s
-1
). This increase of ΔEp is characteristic of quasi-reversible 
processes, as opposite to reversible reactions, which are usually associated with none or very low 
separation of peaks potentials that remain constant with the scan rates 
269
.  




) of signal I is close to 1, independently of 
the scan rate (Figure 4.19A). Two different behaviors of the peak currents with the scan rate were 
detected: in the range 5 to 50 mV s
-1
 a linear relation of the scan rate with the peak currents was 
observed indicative of diffusionless process; for scan rate higher than 50 mV s
-1
 a negative 
deviation of the linearity of peaks currents was observed due to the quasi-reversibility of the redox 
reaction.  
Considering the width at half-height (ΔEp,1/2 ) of the peaks of signal I, which has a value of 
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Figure 4.19 – Electrochemical behavior (5 ≤ v ≤ 100 mV s
-1
) of 200 µM of N2OR with 60 % of “CuZ center” 
as CuZ*(4Cu1S), immobilized onto a MWCNTs layer coated on a glassy carbon electrode, in 100 mM 
potassium phosphate pH 7.0. In panel (A) is presented the dependence of anodic (filled symbols) and 
cathodic (open symbols) peaks currents with the scan rate. Circles showed a linear dependence, with linear 
regressions: y = 0.13x + 0.17, R
2
 = 0.969 and y = 0.12x – 0.11, R
2
 = 0.995, for the anodic and cathodic peaks 
currents, respectively. Triangles show a different behavior. In panel (B) the potential of the cathodic 
counterpart of signal II is represent as a linear dependence with log of scan rate, for v > 20 mV s
-1
. Linear 
regression: y = 162.39x + 216.42, R
2
 = 0.985. 
 
Signal I was assigned to CuA center of N2OR, since the most positive reduction potential of the 
centers of N2OR is related with CuA center redox process (Em = + 240 mV at pH 7.6 
148
). The 
reduction potential determined by electrochemical methods here for signal I is deviated from the 
reduction potential previously reported and also from the potentiometric potential determined in 
this thesis, using a N2OR sample with 10 % of “CuZ center” as CuZ*(4Cu1S), for which it was 
determined a Em = + 272 mV ± 10 mV, at pH 7.6. This difference can be explained by the different 
pH of the electrolyte used in electrochemistry and the pH of buffer used in potentiometric redox 
titrations, as the reduction potential of CuA center is pH dependent (see below) and by the 
electrocatalytic effect of the MWCNTs in shifting the reduction potential to more positive values 
218
.  
On the other hand, a broad signal, denominated as signal II, is observed at lower potentials, with an 
anodic counterpart not easy to distinguish as it shows very low currents and some overlapping with 
the MWCNTs signal. At low scan rates (≤ 20 mV s
-1
) the anodic counterpart of the signal is 
identified, but with the increase of scan rate, the signal is no longer distinguishable.  
The redox reaction responsible for signal II is not a reversible process, which is in accordance with 
the linear variation of cathodic potential with the log of the scan rate, for scan rates > 20 mV s
-1
 
(Figure 4.19B). A reduction potential of + 70 ± 6 mV (vs SHE) at pH 7.0, was determined for 
signal IIc, from the average of cathodic (Epc
I
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 = + 119 mV) at 10 mV s
-1
. This signal is assigned to CuZ(4Cu2S), as a similar reduction 
potential was determined in a potentiometric titration at this pH.  
Although signal II was assigned to CuZ(4Cu2S) based on the cathodic potential determined, “CuZ 
center” is a mixture of the two forms. Previous results suggested a different redox behavior 
associated to the two forms of the “CuZ center” and up-to-now the reduction potential of 
CuZ*(4Cu1S) is still unknown 
148
. Thus, redox behavior of a N2OR sample with 90 % of “CuZ 
center” as CuZ*(4Cu1S) was compared with others containing lower amounts of CuZ*(4Cu1S). 
Initially, cyclic voltammetry was used, but given the low faradaic currents associated to signal II, 
differential pulse voltammetry, a technique with higher sensitivity than CV, was used. 
Typically, DP voltammograms obtained for both forms exhibit two main signals, identified as 
signal I and signal II at reduction potentials close to those observed by CV (Figure 4.20). 
In some preparations, a small signal was detected at around - 250 mV. However due to the lack of 
reproducibility, and the fact that when observed it is lost after the first scan, it cannot be attributed 
to any metal center. Analysis of the intensities of peak currents of signal II were not conclusive 
since the protein concentration used in the different assays was not exactly the same. 
 
Figure 4.20 – Differential pulse voltammograms (tp = 100 ms) of different forms of N2OR immobilized onto 
a MWCNTs layer coated on a glassy carbon electrode, in 100 mM potassium phosphate pH 7.0. In panel (A) 
DP voltammogram was acquired for 174 µM of N2OR with 90 % of “CuZ center” as CuZ*(4Cu1S) and in 
panel (B) DP voltammogram was acquired for 132 µM of N2OR with 17 % of “CuZ center” as 
CuZ*(4Cu1S).  
 
4.3.2.1.2 pH dependence 
The pH effect on the reduction potential of N2OR was analyzed by cyclic voltammetry and 
compared with the results obtained by potentiometry (Section 4.3.1). Independent assays were 
performed from pH 5.5 to 10.5 using two different N2OR preparations: one with 90 % of “CuZ 
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The reduction potential of each signal was determined and plotted as a function of pH. Both signal 
I and signal II, independently of the percentage of CuZ*(4Cu1S) present in N2OR preparation, 
show a similar behavior and the data were perfectly adjusted to a linear regression with a slope of 
ca. - 58 mV, indicating one electron transfer process coupled with one proton, in the pH range 
tested.  





) coupling of protonation to the reduction process. However, potentiometric 
experiments suggested the presence of apparent pKox and pKred, in CuZ(4Cu2S) center, while such 
observation was not detected through electrochemistry. Thus, the possibility of an alteration on the 
enzyme deposited on the MWCNTs layer cannot be excluded.  
 
Figure 4.21 – Dependence of pH on the reduction potentials of signal I (filled symbols) and signal II (open 
symbols) of different forms of N2OR observed by cyclic voltammetry at 20 mV s
-1
. In panel (A) N2OR with 
90 % of “CuZ center” as CuZ*(4Cu1S) with signal I showing a linear regression y = -55.2x + 772.4, 
R
2
 = 0.998 and signal II with a linear regression y = -57.4x + 494.3, R
2
 = 0.995. In panel (B) a N2OR sample 
with 10 % of “CuZ center” as CuZ*(4Cu1S) was used, being the linear regressions y = -55.4x + 773.9, 
R
2
 = 0.995 and y = -57.4x + 464.7, R
2
 = 0.991 determined for signal I and II, respectively. 
 
4.3.2.1.3 Turnover conditions  
The catalytic activity of the pre-activated N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S) was 
analyzed at pH 7.0 in the presence of N2O. In some of the assays, a saturated concentration of N2O 
was injected into the electrolyte to promote catalysis, but clear catalytic waves were not detected. 
However, catalysis (even if at low levels), was only detected when the enzyme was pre-activated in 
the presence of reduced methyl viologen (Figure 4.22). Upon substrate addition (varying between 0 
and 1.4 mM), a sigmoidal wave develops around Epc
II
. The peak current of each addition was 
measured at a potential of + 55 mV for different electrode preparations at a scan rate of 20 mV s
-1
. 
The catalytic currents (icat) measured were plotted as a function of N2O concentration and fitted to 
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determined is in the same order of magnitude as the Km determined in the steady-state kinetics 
(Km = 14 ± 3 µM) 
122
.  
The turnover number (kcat) can also be calculated from the catalytic current, and the charge (Q) 
associated with the non-turnover signal (since it is reproducible between preparations), according 
to Equation 4.1. 
                                                                     
    
 
                                                            (4.1) 
 
The results obtained showed very low catalytic currents, and a kcat value of 2.0 ± 0.3 s
-1
 was 
determined for pre-activated N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S). This value is 
higher than the kcat = 0.6 h
-1
, determined for CuZ(4Cu2S) by kinetic studies 
160
, and thus activation 
of CuZ*(4Cu1S) form has to be considered, since no activation of N2OR with mainly CuZ(4Cu2S) 
has been observed so far. In fact, previously reported potentiometric titration of fully reduced 
CuZ*(4Cu1S), [4Cu
1+




] oxidation state appears to have a reduction potential 
slightly higher than the one of CuZ(4Cu2S), although it could not correctly estimated as being an 
irreversible process 
148
. Thus, in voltammetric experiments it is reasonable to proposed that the 
catalytic wave observed can be due to CuZ*(4Cu1S), since both “CuZ centers”, CuZ(4Cu2S) and 
CuZ*(4Cu1S), might have relatively similar reduction potentials, and thus not be distinguishable 
by cyclic voltammetry under these conditions. The presence of the two signals might also explain 
the observation of a broad signal at + 55 mV. 
 
Figure 4.22 – Electrocatalytic peak current of activated N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S), 
in 100 mM potassium phosphate buffer pH 7.0. Different amounts of N2O-saturated water were added to the 
electrolyte in a final concentration between 0 and 1.4 mM. Data were fitted to Michaelis-Menten equation, 
using Km of 32 ± 9 μM and icatmax of 2.7 ± 0.2 µA. Inset: cyclic voltammograms of activated N2OR in the 
absence of substrate (dashed line) and in the presence of 0.45 mM of water-saturated N2O (solid line) 
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4.3.2.2 Mediated electrochemistry 
Previous studies performed in our laboratory proved that a mediated electrochemical catalysis of 
pre-activated M. hydrocarbonoclasticus N2OR can be observed using the physiological electron 
donor, cytochrome c552 
148
. However, this assay requires prior activation of N2OR by incubating the 
enzyme with reduced methyl viologen and up-to-date no in vitro catalytic response was observed 
for M. hydrocarbonoclasticus N2OR in its as-isolated form. Interestingly, a similar assay with 
N2OR from A. cycloclastes showed that the isolated N2OR (without pre-activation) can catalyze the 
reduction of N2O when the reaction is electrochemical mediated by pseudoazurin 
123
. Considering 
the similarities between the reduction potential of these two mediators, pseudoazurin (+ 260 mV vs 
NHE, between pH 6.0 and 9.0 
123
) and cytochrome c552 (+ 245 mV vs SHE, at pH 7 
148
), we 
expected a similar behavior.  
Therefore, the reaction of the electrocatalytic activation of as-isolated N2OR with 60 % of “CuZ 
center” as CuZ*(4Cu1S), was investigated in the presence of cytochrome c552. To perform this 
experiment a gold electrode coated with neomycin was used, containing both cytochrome c552 and 
N2OR entrapped by a dialysis membrane. This configuration has the advantage of using small 
amounts of protein and also preventing its diffusion to the electrolyte 
270
.  
Cyclic voltammograms obtained showed a well-defined reversible signal (Eº’ = + 245 ± 5 mV vs 
SHE, at pH 7.0), assigned to cytochrome c552, but no changes in the voltammograms were initially 
detected upon substrate addition. Several attempts were made to observe a catalytic response 
without pre-activation, such as the use of different electrode configuration and variation of the 
ratios between N2OR and cytochrome c552, as well as low step potential and multiple oxidation and 
reduction cycles, in an attempt to activate N2OR.  
Low catalysis was always observed, through the development of a small waveform upon addition 
of a saturated concentration of N2O to the electrolyte (Figure 4.23).  
  
Figure 4.23 – Cyclic voltammograms of cytochrome c552 with as-isolated N2OR with 60 % of “CuZ center” 
as CuZ*(4Cu1S), in 100 mM potassium phosphate buffer at pH 7.0, obtained at 10 mV s
-1
. The 
voltammograms of cytochrome c552 (140 µM) in the presence of an equimolar ratio of N2OR (solid line) and 
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This result shows lower catalysis than the catalysis in the presence of activated enzyme, reported 
by Dell’ Acqua et al 
148
. The mediated reaction observed is probably triggered by the electron 
transfer from the gold electrode to cytochrome c552 which, in turn, transfers electrons to N2OR that 
is re-oxidized upon rapid reaction with N2O (Figure 4.24).  
 
  
Figure 4.24  – Scheme for N2OR mediated catalysis: cytochrome c552 is reduced by the gold electrode and 
rapidly oxidized by electron transfer to N2OR, which in turn is re-oxidized by reduction of N2O to N2. 
 
4.4 Conclusions 
The pH dependence on the activation of the N2OR is described here and showed that optimum 
activation occurs at pH 8.5. These assays evidenced that the turnover is affect not only by the pH of 
the kinetic assays, as previously reported 
122, 161
, but also by the pH used in the activation. We also 
demonstrate that prolong incubation of M. hydrocarbonoclasticus N2OR, with “CuZ center” mainly 
as CuZ(4Cu2S), with an alkaline buffer solution does not increase significantly the activity of the 
enzyme. 
Different forms of the enzyme were crystallized and the structure was solved by molecular 
replacement. The results obtained corroborate the spectroscopic differences observed between the 
two forms of the catalytic center. Comparison between both structures show that a second sulfur 
fits well in the CuI-CuIV edge of the CuZ(4Cu2S) center, as reported for the structure of the same 
form of the N2OR isolated from P. stutzeri 
152
, while its occupancy is lower in the CuZ*(4Cu1S), 
and an oxygen from a water molecule fits better the electron density. In turn, the structure of CuA 
center is uniform between different monomers of the asymmetric unit and between both structures 
and no flip in the imidazole ring of H576 was detected.  
Although the reduction potential of CuA center and CuZ(4Cu2S) has been previously reported 
131, 
148
, a relation between the reduction potentials and the forms of the enzyme, as well as the pH effect 
on the reduction potential is reported here for the first time.  
Potentiometric redox titration of CuA center evidenced an electron transfer process coupled with 
proton transfer. 
The reduction potentials determined for CuZ(4Cu2S) at different pH values can be explained by 
two main behaviors: in the reductive direction the electron transfer process is coupled to a proton 
transfer and is pH dependent, while in the oxidative titration no dependence of potential with pH 
was evidenced, being assigned to an uncoupled electron transfer process. A pKred of 9.2 is proposed 
and assigned to the nearby lysine residue (K447), in line with the spectroscopic studies reported for 
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N2OR with “CuZ center” mainly as CuZ*(4Cu1S) 
161
, while a pKox of 6 is attributed to histidine 
side chains that coordinates the copper atoms of “CuZ center”. The observed hysteresis may be due 
to the difficulty in stabilizing the reduced form of CuZ(4Cu2S) at higher pHs and by the 
protonation of the histidine side chain. 
These results in combination with structural and spectroscopic data of different forms of N2OR 
gave us some clues that can be useful to understand the mechanism involved in intra- and 
inter-molecular electron transfer.  
The direct electrochemistry of N2OR was reported for the first time, by immobilization of the 
enzyme on a modified MWCNTs GC electrode. Independently of the form of the enzyme, two 
distinct electrochemical signals were recurrently observed, one at higher potentials that present a 
quasi-reversible redox process assigned to CuA redox centers and a second signal at lower potential 
that shows an irreversible behavior for scan rates > 20 mV s
-1
 and was assigned to “CuZ center”. 
Both signals show a similar pH dependence that indicates a one electron/one proton coupled 
process, as no pKox was identified in the pH range of 5.5. to 10.5. 
Comparison of the two different forms of “CuZ center” was performed through DP voltammetry. 
Although no shift in the potentials of the peaks was observed for the existence of additional peaks, 
a difference in the intensity of faradaic currents cannot be ruled out.  
The possibility of catalysis for each of the non-activated N2OR forms was explored, but no 
catalytic wave was detected in the presence of the substrate. One the contrary, electrocatalytic 
response was measured for the pre-activated N2OR and a Km of 32 ± 9 µM was determined. When 
N2OR was activated, a low catalytic activity (kcat = 2.0 ± 0.3 s
-1
) was observed, but higher than the 
catalytic turnover reported for CuZ(4Cu2S) by direct reaction of N2OR with N2O (kcat = 0.6 h
-1
), 
indicating that signal II might correspond to a small response of CuZ*(4Cu1S). In this case the 
possibility that both forms of “CuZ center” have a similar reduction potential is hypothesized. 
The catalytic response of as-isolated N2OR was also investigated using cytochrome c552 as electron 
donor by CV, using a gold electrode with a membrane configuration. Very low catalysis was 
observed and contrary to A. cycloclastes N2OR, M. hydrocarbonoclasticus N2OR requires 
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5 Reactivity of N2OR – Insights into the catalytic mechanism 
The catalytic mechanism of N2O reduction to molecular dinitrogen by N2OR has been studied for 
several years. Kinetic, spectroscopic and structural studies were essential to distinguish the two 
forms of the catalytic center, CuZ*(4Cu1S) and CuZ(4Cu2S), as mentioned in the Chapter 3. Of 
these two forms, only CuZ*(4Cu1S) in its fully reduced state has been shown to be able to react 
with the substrate at a rate that explains the N2O reduction by the whole-cells (Chapter 3).  
Direct reaction of fully reduced CuZ*(4Cu1S) with stoichiometric amount of N2O leads to the 
formation of an intermediate species CuZ° 
148
. This is the first intermediate species proven to be 
competent in the rapid turnover, and whose nature will be addressed in this Chapter: rate 
dependence and the effect of pH on its formation and decay. 
Furthermore, CuZ° reduction in the presence of sodium ascorbate, an artificial electron donor but 
whose reduction potential (Eº’ = + 60 mV vs SHE, at pH 7.0 
271
) is more in line with the reduction 
potential of the proposed physiological electron donor (Eº’ = + 245 ± 5 mV vs SHE, at pH 7.0), 
(when compared to methyl viologen, Eº’ = - 450 mV vs SHE, at pH 7.0 
179
), will be analyzed and 
compared with the reduction rate of CuZ*(4Cu1S) in the same conditions. This was essential to 
reveal the significance of this intermediate species in the catalytic mechanism. The existence of 
other intermediate species in the mechanism of N2OR will also be addressed. 
 
5.1 Reduction of N2OR by sodium ascorbate: CuZ(4Cu2S) vs CuZ*(4Cu1S)  
The reduction of CuA and “CuZ” centers in N2OR from M. hydrocarbonoclasticus was 
investigated in the presence of 7.5 mM of sodium ascorbate (~ 400 fold-excess) during 800 s. In an 
enzyme preparation with 80 % of “CuZ center” as CuZ*(4Cu1S), a decrease in the absorption 
bands characteristic of CuA center was observed upon sodium ascorbate addition, contrary to the 
CuZ*(4Cu1S) features, that remain practically unchanged (Figure 5.1A). Normalized absorbance at 
482 and 653 nm as a function of the time was fitted with a kinetic model involving three steps 
(Scheme 5.1).  
Note that some considerations were performed to normalize the absorbance, since at 482 nm all the 
contributions are from CuA center, but at 653 nm there is also a contribution from CuA center, 
representing 35 % of the total contribution at this wavelength (see Section 2.12.4.1).  
 




Figure 5.1 – Reduction of 16.5 µM N2OR, with 80 % of “CuZ center” as CuZ*(4Cu1S), in the presence of 
7.5 mM (~ 400 equivalents) sodium ascorbate. (A) Visible spectra during the reduction of oxidized N2OR, by 
sodium ascorbate. Representation of spectra acquired every 1 min. The arrow represents the direction of the 
spectral changes at 482 nm and the asterisk represents the absorbance at 653 nm. (B) Time dependence of 
reduction of CuA center (blue) at 482 nm and CuZ*(4Cu1S) (red) at 653 nm. The absorbance was 











 = 0.993. 
 
The model used to fit the data considers the following reactions: 
1. Reduction of CuA and resting CuZ*(4Cu1S) centers in the presence of sodium ascorbate; 
    [               ]   
 
[           ]     
      
→     [           ]   
 
[           ] 
 
2. The possibility of intramolecular electron transfer (IET) from reduced CuA center to the resting 
CuZ*(4Cu1S) center, which leads to oxidation of CuA and fully reduction of CuZ*(4Cu1S) 
centers; 
   [           ]   
 
[           ]
     
→      [               ]   
 
[     ] 
 
3. Bimolecular reduction of oxidized CuA center;  
    [               ]   
 
[     ]     
      
→       [           ]   
 
[     ] 
 
Scheme 5.1 – Kinetic model used to fit the reduction of N2OR, with “CuZ center” mainly as CuZ(4Cu2S), by 
sodium ascorbate.  
 




was estimated for CuA reduction (k1 = k2) 




), and an upper 




) was estimated. In addition to the low 
kIET, sodium ascorbate was also unable to directly reduce CuZ*(4Cu1S) and thus absorbance was 
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A comparative assay was performed in similar conditions, but using a N2OR sample with 10 % of 
“CuZ center” as CuZ*(4Cu1S). Reduction with sodium ascorbate also showed mainly pronounced 
differences at the characteristic absorption bands of CuA center, while a decrease in the absorbance 
relative to CuZ(4Cu2S) center was not easily to identify due to the overlapping of the absorbance 
maxima of CuZ(4Cu2S) (550 nm) with that of CuA center (540 nm) (Figure 5.2). Indeed, to 
understand the contribution of CuZ(4Cu2S) to the CuA center at 482 nm, we normalized both the 
absorbance at 482 nm and 785 nm and both were simulated with the same k1 = k2, indicating that 
CuZ(4Cu2S) does not contribute to the absorbance at 482 nm.  
In order to determine the CuZ(4Cu2S) reduction rate at 550 nm, we took into consideration the 
contribution of CuA center to this wavelength. This contribution was determined in a N2OR sample 
with 10 % of “CuZ center” as CuZ*(4Cu1S) in which the sodium ascorbate spectrum was 
subtracted to a fully oxidized spectrum. The difference spectrum indicates that 41 % of the 
absorbance at 550 nm is a contribution from CuA center.  
Therefore, normalized absorbance at 550 nm and 482 nm for CuZ(4Cu2S) and CuA centers, 
respectively, were fitted using similar kinetic models to those used for the bimolecular reduction of 
N2OR with “CuZ center” mainly as CuZ*(4Cu1S) (Figure 5.2B, Scheme 5.2).  
 
Figure 5.2 – Reduction of 17 µM N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S) in the presence of 
7.5 mM (~ 400 equivalents) sodium ascorbate. (A) Visible spectra during reduction of oxidized N2OR, in the 
presence of sodium ascorbate, collected during 800 s. Representation of spectra acquired with 1 min 
intervals. The arrows indicate the direction of the changes in the spectra at 485 nm (dark blue), 550 nm 
(purple) and 785 nm (light blue). (B) Time dependence of reduction of CuA center (dark blue) and 
CuZ(4Cu2S) (purple). The absorbance was normalized and fitted (solid dashed line) using kinetics Tenua 










= 0.914. Normalized absorbance at 482 nm and 
785 nm are fitted with similar parameters. 




) determined are similar to the bimolecular reduction of 
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In these conditions, CuZ(4Cu2S) is not reduced in the presence of sodium ascorbate, as an upper 




was estimated, similar to that observed for the enzyme preparation with 
“CuZ center” mainly as CuZ*(4Cu1S). 
1. Reduction of CuA and CuZ(4Cu2S) centers in the presence of sodium ascorbate; 
   [               ]   [           ]     
      
→     [           ]   [           ] 
 
2. The possibility of intramolecular electron transfer (IET) from reduced CuA center to the 
oxidized CuZ(4Cu2S) center, which leads to oxidation of CuA and reduction of CuZ (4Cu2S) 
centers; 
    [           ]   [           ]
     
→     [               ]   [           ] 
 
3. Bimolecular reduction of oxidized CuA center;  
   [               ]   [           ]      
        
→        [           ]   [           ] 
 
Scheme 5.2 – Kinetic model used to fit the reduction of N2OR, containing the “CuZ center” mainly as 
CuZ(4Cu2S), by sodium ascorbate.  
 
The reduction of CuA center was also analyzed at 482 nm by 0.5 mM sodium ascorbate 
(25-fold excess) in the presence and absence of the artificial redox mediator DAD 
(Eº’  = + 260 mV, at pH 7.0 
217
).  
Our results showed that using 0.5 mM sodium ascorbate to reduce CuA center in the absence of 
DAD, no plateau was observed within 800 s, indicating that reduction was not complete during that 
time period (Figure 5.3). The absorbance changes were fitted using the previous models and 






 = 0.957) was determined. However, 
this rate can hold some variation if complete reduction was attained. 
On the other hand, the time dependence of CuA center reduction in the presence of 5 µM DAD 
showed a plateau at 482 nm, indicating that CuA center reduction was complete. The kinetic traces 






 = 0.995) was 
calculated for CuA center reduction in a N2OR sample with 60 % of “CuZ center” as 
CuZ*(4Cu1S). 
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Figure 5.3 – Normalized time dependence of reduction of CuA center of 20 µM N2OR with 60 % of “CuZ 
center” as CuZ*(4Cu1S) in the presence of 0.5 mM sodium ascorbate (dark blue) and in the presence of 
5 µM DAD and 0.5 mM sodium ascorbate (light blue). Absorbance was determined at 482 nm. Kinetics were 










= 0.957, for the assay performed 










= 0.995, when 5 µM DAD was added 
to the experiment. 
 
The trend observed in the absence of DAD indicates that under the conditions used, CuA center 
cannot be fully reduced within 800 s. However, with the presence of an additional redox mediator 
CuA center was fully reduced in less than 500 s. The presence of DAD increases ~ 5 times the 
reduction rate of CuA center comparative to the same reaction in its absence. Similar behavior was 
observed in a sample with 10 % of “CuZ center” as CuZ*(4Cu1S). 
Comparison between the IET rate of both assays, showed that under these conditions, the presence 
of DAD lowered by one order of magnitude the upper limit of this rate, suggesting that IET in the 
presence of DAD can be at least 10 times faster. 
These results clearly showed that CuA center reduction by sodium ascorbate is independent of the 
“CuZ” form present in the enzyme, although its reduction was highly facilitated in the presence of 
a redox mediator with a reduction potential similar to cytochrome c552. 
 
5.2 Formation of CuZ° and its decay to a new intermediate species 





can be fully reduce to [4Cu
1+
], which upon stoichiometric addition of N2O leads to the rapid 




. This species is characterized by 




, obtained after subtraction of 
oxidized CuA and CuZ(4Cu2S) contributions 
167
) and by an axial EPR signal (S = 1/2), with 
g║ = 2.18 and g┴ = 2.05, showing a pattern of six distinguished hyperfine lines in the g║ region with 
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The formation and decay of CuZ° was previously reported 
148
, and since this is an intermediate 









We have used a similar methodology to determine CuZ° decay rates on N2OR samples with 60 % 
or 80 % of “CuZ center” as CuZ*(4Cu1S), which were also used in other studies reported in this 
thesis (Figure 5.4). 
 
Figure 5.4 – CuZº formation and decay, obtained from 20 µM fully reduced N2OR, with 60 % of “CuZ 
center” as CuZ*(4Cu1S), after reaction with 30.5 µM N2O. (A) Visible spectra of CuZº decay (solid bold 
arrow) and formation of a new species at 617 nm (dashed arrow) during 2500 s of the reaction. The arrows 
indicate the direction of spectral changes. (B) Normalize time dependence at 683 nm (filled diamonds) and at 
617 nm (open circles). The data were fitted (dashed black line) to a single exponential, using 








The first spectrum acquired 14 s after the addition of N2O to the fully reduced form of the enzyme 
exhibits a band at 683 nm, characteristic of CuZ°, and also absorption bands at 480, 540 nm and 
800 nm, corresponding to CuA center, though the absorption band at 800 nm is not so evident 
(Figure 5.4A). 











, but still in the same 
order of magnitude (Figure 5.4B). Indeed, within our six replicas, CuZ° formed from N2OR either 













) will be the one used in the 
kinetic models developed latter in this Chapter. In addition, it seems that CuZ° decay rate does not 
depend on the % of CuZ(4Cu2S) present. 





 of total protein) was determined for the fully reduced form of N2OR with 
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 of total protein) 
remaining after 3000 s. These results are in accordance with similar observations reported by 
Dell’Acqua et al 
148
.  
The major difference between the results obtained and the ones previously reported 
148
, lies in the 
second phase of the reaction, i.e. the increasing absorbance at 617 nm that is concomitant with 
CuZº 680 nm absorption band disappearance, which we believe to be the formation of a different 
intermediate species, never reported before, and whose features will be described and discussed 
below. 
 
5.3 Formation of a new intermediate species (CuZ') 
The formation of a new intermediate species, named here as CuZ', was first observed during the 
decay of CuZ°, as a species that has a maximum absorption band at 617 nm. In order to further 
understand the formation of this new intermediate species, changes in wavelength of the maximum 
absorption band of the “CuZ center” (between 610 and 690 nm), as well as the corresponding 
absorbance were monitored during 2500 s, after formation of CuZ° (Figure 5.5). 
  
Figure 5.5 – Changes at the maximum absorption band of “CuZ center” after formation of CuZ° (reaction of 
22 µM N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), with 24 µM N2O). (A) Variation of the 
maximum wavelength (610 – 690 nm) over 2500 s reaction. (B) Plot of the maximum absorption observed in 
the visible spectra over 2500 s reaction. These values corresponded to the absorbance observed for each of 
the wavelengths showed in A. Reaction performed in 100 mM potassium phosphate at pH 7.6. 
 
For the initial period of 240 s major shifts in the wavelength of the maximum absorption band were 
observed, with a shift to 630 nm due to the decay of CuZº, as previously mentioned, while in the 
remaining time only slight variations between 623 and 617 nm were observed (Figure 5.5A). The 
intensity of the maximum absorption increases over time and in fact no plateau was detected during 
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(Figure 5.5B). These results demonstrate that formation of the CuZ' intermediate species occurs at 
a very slow rate.  
Characterization of CuZ' intermediate species was performed by visible spectroscopy, in which the 
oxidation of this species was monitored. 
After 2500 s of CuZ° formation, CuZ' intermediate species is observed, evidenced by the 
appearance of the absorption band at 617 nm (Figure 5.6A). Upon potassium ferricyanide 
oxidation, absorption bands at 400, 540, 617 and 800 nm were observed. Contributions at 550 nm 
can be attributed to the oxidation of CuZ(4Cu2S), as the initial sample used had 40 % of “CuZ 
center” as CuZ(4Cu2S), while the observation of an absorption band at 617 nm suggests that CuZ' 
intermediate species does not change its oxidation state (Figure 5.6A). Moreover, comparison of 
this spectrum with the one of oxidized N2OR prior to the experiment shows distinct characteristics, 
which indicates that CuZ' is different from CuZ(4Cu2S) and CuZ*(4Cu1S) (Figure 5.6B). 
 
Figure 5.6 – Reactivity of 22 µM fully reduced N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), with 
24 µM N2O for 2500 s followed by oxidation with potassium ferricyanide. (A) Visible spectrum of CuZº 
collected after 14 s (dotted line) and after 2500 s of the addition of N2O (long dashed line) and potassium 
ferricyanide oxidation (solid line) at the end of the reaction. (B) Visible spectrum of oxidation (solid line) at 
the end of reaction (another preparation similar as solid line spectra showed in A), the same oxidized 
spectrum but recorded after 3 days of oxygen exposure (dashed-dotted line) and the oxidized spectrum of 
N2OR prior to the experiment (dashed line) are presented. 
 
After removal of the oxidizing agent, this sample containing CuZ' was kept aerobically at 4 °C for 
3 days under an atmosphere containing O2. The visible spectrum was acquired, and different 
spectrum was observed which is superimposable with the spectrum of oxidized N2OR prior to the 
experiment. This suggests a change in CuZ' intermediate species leading to the re-establishment of 
the resting CuZ*(4Cu1S) form. 
In order to understand the spectral changes observed, we performed a similar experiment inside the 
anaerobic chamber at which the sample was oxidized, desalted to remove the excess of potassium 
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were detected in the visible spectrum, suggesting that the decay of this species is slower than 
expected or it requires the presence of oxygen to restore the spectral features of CuZ*(4Cu1S) 
center.  
Our results recurrently indicate the formation of this CuZ' intermediate species, differing from the 
behavior observed in previous studies, in which CuZº decay was concomitant with the 
re-establishment of CuZ*(4Cu1S) features at 640 nm, with no shifts on the wavelength or on the 
intensity of the band 
148
.  
In order to understand if the formation of this CuZ' species is triggered by N2O addition, we 
performed a control reaction, in which sodium ascorbate (~ 400 equivalents) were added to the 
fully reduced CuZ*(4Cu1S), without addition of N2O (Figure 5.7). Fully reduced spectra collected 





] oxidation state, that cannot be fully reduced to the [4Cu
1+
] oxidation state. The 
spectrum acquired after 2500 s did not show any difference, as expected, since no substrate was 
added to the fully reduced enzyme. 
 
 
Figure 5.7 – Visible spectra of 20 µM fully reduced N2OR, with 80 % of “CuZ center” as CuZ*(4Cu1S), 
over 2500 s in the presence of sodium ascorbate (~ 400 fold excess). (A) The fully reduced spectra of N2OR 
after 0 s and 2500 s are presented in grey and black, respectively. Oxidation with increasing concentrations of 
potassium ferricyanide after 2500 s is represented by blue gradient color, being the darker spectra the one 
with highest concentration of potassium ferricyanide. (B) The spectra of oxidized, sodium ascorbate reduced 
and sodium dithionite reduced are colored in blue, light green and dark green, respectively. The spectrum of 
CuZ*(4Cu1S) reduced with dithionite was provided for comparison, represented by black dashed line. The 
arrows indicate the direction of spectra with increasing concentration of reducing agents. Ox – oxidation, 
Red - reduction. 
 
Upon addition of increasing concentrations of potassium ferricyanide, oxidation of CuA center was 
observed, as well as the presence of a shoulder at 617 nm, similar to the CuZ' intermediate 
previously observed (Figure 5.7A). On the other hand, reduction of this oxidized sample with 
increasing concentrations of sodium ascorbate and then sodium dithionite caused reduction of the 
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This assay proved that the second phase of the reactivity observed before was due to the formation 
of a CuZ' intermediate species and not caused by the presence of small amount of oxygen, as no 
changes in the fully reduced CuZ*(4Cu1S) were observed during 2500 s. Moreover, this 
intermediate species is not exclusively formed in the presence of substrate, but most likely is due to 
a secondary reaction observed when the fully reduced CuZ*(4Cu1S) is oxidized. 
 
5.4 Effect of pH on CuZº decay 
The pH dependence of the formation and decay of CuZº was investigated between pH 6.0 and 
pH 10.0, using a sample of N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S).  
In each assay N2OR was incubated with reduced methyl viologen at pH 7.6 for 3 h, and desalted 
into an universal buffer at different pH values (see Material and Methods, Section 2.12.2). CuZº 
was formed by addition of a stoichiometric amount of N2O. Visible spectra was collected during 
2500 s for each pH and variation at 683 nm was normalized and fitted to determine the decay rates 
of CuZº at each pH.  
The formation of CuZº was consistently observed in the pH range 6.0 to 9.5, by the emergence of a 
strong absorption band with a maximum at 683 nm. Although we cannot accurately determine the 
rate of the CuZº formation for each pH, as this process occurs in the order of milliseconds, we 
compared the spectra obtained 14 s after the addition of N2O at each pH (Figure 5.8). No major 
differences in the spectral features were detected (for CuZ° formed between pH 6.0 and pH 9.5), 
but at higher pH values (pH 9.7 and pH 10), the formation of this band was practically unobserved 
(Figure 5.8 – blue line). 
  
Figure 5.8 – Spectra 14 s after formation of CuZ° at pH 6.0 (red), 7.6 (black), 8.5 (green) and 9.7 (blue). 
Absorbance was subtracted to the amount of CuZ(4Cu2S) present in each sample.  
 
CuZº decay rates did not evidence any relevant difference between pH 6.0 and pH 9.5, suggesting 
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CuZº decay could not be determined as the model used in the other fits cannot be adjusted to the 
experimental data (data displayed in Supplementary information S5 - Figure S5.1). 
These results suggested that CuZº at pH ˃ 9.5 might not be formed at all. This can be explained by 
the deprotonation of K447 and E485, as both were reported to be involved in the stabilization of 
CuZº and also of the intermediate species prior to its formation (“intermediate 2” of the catalytic 




Figure 5.9 – Reaction of fully reduced N2OR with stoichiometric amount of N2O and formation of 
“intermediate 2” of the catalytic cycle. 
 
In the “intermediate 2” species, N2O is bound to CuI by the N atom and to CuIV by the O atom and 
stabilized by H-bound to K447, which in turn is also H-bound to E485, in the second sphere 
coordination. A pKa ~ 9.7 was assigned to the lysine residue (K447) by steady-state kinetics studies 
(Section 4.1.1), which is similar to the value (pKa ~ 9.2) previously attributed to this residue by 
Ghosh et al 
168
. Moreover, the pKa of K447 and E485 was predicted based on the coordinates of 
N2OR from M. hydrocarbonoclasticus (PDB ID: 1QNI) to be 9.4 and 10.2, respectively. The 
reduced formation of CuZ° at higher pH can be explained by the destabilization of “intermediate 2” 
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Table 5.1 – Comparison of rates determined for CuZº decay and for CuZ' intermediate formation for N2OR 
with 60 % of “CuZ center” as CuZ*(4Cu1S) with stoichiometric amount of N2O at different pH values. 





















































In the second reactivity phase, identical features to those reported before were observed (Figure 
5.6A). This phase, characterized by the increasing intensity of absorbance, showed an absorption 
band at 623 nm, which shifts to near 617 nm over time, even at high pH (Figure 5.10). Although 
the collected spectra showed different ratios between the absorption at 540 nm and 617 nm at the 
end of the reaction, no dependence of this ratio was observed with pH.  
  
Figure 5.10 – Spectra 2500 s after CuZ° formation at pH 6.0 (red), 7.6 (black), 8.5 (green) and 9.7 (blue). 
Spectra were corrected for the total amount of protein by Pierce 660nm protein assay. 
 
As observed before, this CuZ' intermediate species is formed in the absence of N2O, when fully 
reduced N2OR is oxidized (e.g. by potassium ferricyanide). Moreover, CuZ' can also be formed 
during the catalytic cycle from the fully reduced CuZ*(4Cu1S) [4Cu
1+
] when N2O becomes limited 
in the reaction. In this case as the enzyme already performed catalysis it is probably difficult to 
maintain a fully reduced state, since there is no methyl viologen in solution, even if sodium 
ascorbate is present, its potential is probably not enough to keep CuZ*(4Cu1S) [4Cu
1+
] in this fully 
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state and CuA center in either oxidized or reduced form (if sodium ascorbate is in excess), which is 
quite similar to the oxidation state of “CuZ center” in N2OR as CuZº or CuZ*(4Cu1S). The nature 
of the edge ligand in the CuZ' is probably different from the one in “CuZ center” as CuZ*(4Cu1S), 
giving the spectral differences. Moreover, we hypothesize that at pH ˃ 9.7, there is no formation of 
CuZ°, although CuZ' can still be formed as this is a secondary reaction involving the oxidation of 




Figure 5.11 – Pathways of CuZ' formation and mechanism of N2O reduction. CuZ' can be obtained by 
oxidation of fully reduced N2OR or by decay of intermediate CuZ°. 
 
As the formation of the new intermediate species occurs at different pH values, even if CuZº was 
not previously formed, we determined the rates of the formation of this CuZ' species (Table 5.1, 
Figure 5.12). The formation of this intermediate species was observed by the continuous increase in 
the absorbance at 617 nm during around 1500 s after which a plateau was reached, for most pH 
values (pH 6.0, 7.6 and 8.5) assayed. Rates of formation of the CuZ' intermediate species were 








CuA [1Cu1+ - 1Cu1+]
e-/H+
Intermediate 2
CuZ [2Cu2+ - 2Cu1+]
CuA [1Cu1+ - 1Cu1+]
CuZº
CuZ [1Cu2+ - 3Cu1+]
CuA [1Cu1.5+ - 1Cu1.5+]
CuZ’
CuZ [1Cu2+ - 3Cu1+]
CuA [1Cu1.5+ - 1Cu1.5+]/
CuA [1Cu1+ - 1Cu1+] (in the
presence of sodium ascorbate)
IET
IET




Figure 5.12 – Normalized time dependence of the absorbance at 617 nm, at pH 6.0 (filled triangles), 7.6 
(filled diamonds), pH 8.5 (open squares), pH 9.5 (crosses) and pH 9.7 (open circles).  
 
The rates of CuZ' formation were very small, when compared to the ones of CuZº formation. Yet, 
these rates are similar as the ones of the CuZº decay at the different pH values. 
The profile and rates for each pH suggest that formation of CuZ' intermediate species is not pH 
dependent, at least in between pH 6 and pH 10. 
 
5.5 Reduction of CuZº by sodium ascorbate 
At this point it is clear that CuZº is involved in the rapid turnover of the enzyme, as the CuZ° decay 
is concomitant with the decay of N2OR activity 
148
. In order to study the involvement of CuZº in the 





thus continue the catalytic cycle. Therefore, an electron donor had to be chosen, the obvious choice 
would be cytochrome c552, however due to the different molar extinction coefficient in the 
400 - 800 nm region between the two proteins, the data analysis would be difficult, and therefore 
sodium ascorbate was used. Sodium ascorbate has a reduction potential of + 60 mV vs SHE, at pH 
7.0 
271
 and can be seen as a more physiologically relevant electron donor than methyl viologen 
(E°’ = - 450 mV vs SHE, at pH 7.0 
179
), as such a low potential is not expected to be attained under 
physiologic conditions. 
In order, to analyze the reduction of CuZº in the catalytic cycle, sodium ascorbate was added 37 s 
after N2O, ensuring that CuZº was formed. Time dependence spectra of the reduction of CuZº were 
monitored for at least 1 h and the changes in the absorption bands were analyzed. 
The reduction of CuZº upon addition of ~ 400 fold-excess of sodium ascorbate was examined 
(Figure 5.13), showing two distinct phases. In the first phase (0 – 800 s), CuZº maximum 
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540 and 800 nm was detected (Figure 5.13A). The second phase of reactivity, started after 800 s 
and is characterized by an increase in the absorption features at 620 nm (Figure 5.13B). 
  
Figure 5.13 – Reduction of CuZº (formed by reaction of 20 µM fully reduced N2OR, with 80 % of “CuZ 
center” as CuZ*(4Cu1S), with 36 µM N2O) in the presence of 7.3 mM (~ 400 equivalents) sodium ascorbate, 
added 37 s after N2O addition. (A) Visible spectra of reduction of CuZº in the first reactivity phase. 
Representation of spectra acquired every 0.5 min. The spectrum of N2OR as CuZº collected 14 s after N2O 
addition is represented by a dashed line and the arrows indicate the direction of the spectra at 482 nm (solid 
bold arrow) and 683 nm (dashed arrow). (B) Visible spectra during the second reactivity phase represented 
every 5 min up to 1 h reaction. The arrow indicates the direction of the spectra at 620 nm.   
 
The first phase undoubtedly indicates that reduction of the CuZº occurs upon sodium ascorbate 
addition, being both CuA and CuZº centers reduced within 800 s. Two main hypotheses can be 
used to explain the behavior observed, either CuZº was rapidly reduced via electron transfer from 
CuA (IET), or CuZº was directly reduced by sodium ascorbate and this reduction occurred at a 
similar rate as CuA center reduction. Both hypotheses were analyzed through kinetic models 
(Scheme 5.3 and Scheme 5.4) and the models were used to generate the fits of the normalized 
experimental data. Note that in these hypothesis the formation of CuZ' is not considered. 
Considering the hypothesis of an IET, a seven step model was developed (Scheme 5.3):  
 
1. Oxidized CuA center is reduced by sodium ascorbate in a bimolecular reaction;  
   [               ]   
 
[           ]     
       
→       [           ]   
 
[           ] 
 
2. IET from CuA to CuZº;  
    [           ]   
 
[           ] 
           
→       [               ]   
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3. IET from CuZº to CuA (we considered a possible reversibility of reaction 2.);  
   [               ]   
 
[     ] 
            
→         [           ]   
 
[           ] 
 
4. Oxidized CuA center is reduced by sodium ascorbate in a bimolecular reaction in the presence of 
CuZ*(4Cu1S) in fully reduced state;  
   [               ]   
 
[     ]     
       
→       [           ]   
 
[     ] 
 
5. CuZº decays to CuZ*(4Cu1S), in the presence of oxidized CuA, which was previously 




 (see Section 5.2);  
   [               ]   
 
[           ]
        
→        [               ]   
 
[           ] 
 
6. CuZº decays to CuZ*(4Cu1S), in the presence of reduced CuA (CuZº is unlikely unaffected by 
the difference in the redox state of CuA center);  
   [           ]   
 
[           ]
         
→        [           ]   
 
[           ] 
 
7. Bimolecular reduction of CuA center by sodium ascorbate in the presence of CuZ*(4Cu1S), 




 (see Section 5.1); 
   [               ]   
 
[           ]     
        
→       [           ]   
 
[           ] 
Scheme 5.3 – Kinetic model used to fit the reduction of CuZº via intermolecular electron transfer from CuA 
center. This model does not considers CuZ' formation. It is assumed that CuZ° decays to CuZ*(4Cu1S). 
 
Another model can also be hypothesized considering the direct reduction of CuZº by sodium 
ascorbate, which involves seven steps (Scheme 5.4):  
 
1. Bimolecular reduction of oxidized CuA center by sodium ascorbate in the presence of CuZº;  
   [               ]   
 
[           ]     
        
→       [           ]   
 
[           ] 
 
2. Bimolecular reduction of CuZº intermediate by sodium ascorbate in the presence of oxidized 
CuA center; 
   [               ]   
 
[           ]     
    
       
→        [               ]   
 
[     ] 
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3. Bimolecular reduction of CuZº intermediate by sodium ascorbate in the presence of reduced 
CuA center;  
   [           ]   
 
[           ]     
   
       
→       [           ]   
 
[     ] 
 
4. Bimolecular reduction of oxidized CuA center by sodium ascorbate in the presence of fully 
reduced CuZ*(4Cu1S);  
   [               ]   
 
[     ]     
         
→       [           ]   
 
[     ] 
 
5. Decay of CuZº to CuZ*(4Cu1S) in the presence of oxidized CuA center, which was previously 




 (see Section 5.2);  
   [               ]   
 
[           ]
          
→         [               ]   
 
[           ] 
 
6. Decay of CuZº to CuZ*(4Cu1S) in the presence of reduced CuA center;  
   [           ]   
 
[           ]
          
→        [           ]   
 
[           ] 
 
7. Bimolecular reduction of oxidized CuA center by sodium ascorbate in the presence of 




 (see Section 5.1). 
    [               ]   
 
[           ]     
         
→       [           ]   
 
[           ] 
Scheme 5.4 – Kinetic model used to fit the reduction of CuZº directly via sodium ascorbate. This model does 
not considers CuZ' formation. It is assumed that CuZ° decays to CuZ*(4Cu1S). 
 
In fact, some reactions are common to both models, being the main difference in steps 2 and 3, 
which involve the reduction of CuZº. As we have already shown (in Section 5.1), CuA reduction is 
independent of “CuZ center”, as similar rates were determined for N2OR with either 80 % or 10 % 




 for the reactions 1, 4 
and 7 (kred1 = kred2 = kred3) in both models. Based on this evidence, we assumed that the same is valid 
for CuZº, i.e., the rate of CuZº decay to CuZ*(4Cu1S) is independent of the reduction of the CuA 





Thus, the experimental data was fitted with both models using kinetics Tenua program. For the 
kinetic IET model, the best fit were obtained with a kIET = 0.1 s
-1
 and kIET /k-IET = 1.1 s
-1
, while the 





used (Figure 5.14).  
 
 




Figure 5.14 – Reduction of CuZº, obtained when 20 µM fully reduced N2OR with 80 % of “CuZ center” as 
CuZ*(4Cu1S) reacted with 36 µM N2O, in the presence of 7.3 mM (~ 400 equivalents) sodium ascorbate, 
added 37 s after N2O addition. Normalized time dependence of CuA center reduction at 482 nm (filled 
circles) and CuZº reduction at 683 nm (open triangles): (A) Fit for an IET kinetic model, using 








; kIET = 0.1 s
-1
 and kIET/k-IET = 1.1; R
2
 = 0.983. (B) Fit for 















 = 0.952. Note that correlation coefficients were determined 
for the CuZº fitting. Fit of CuA center reduction is represented by solid line and the CuZº reduction is 
represented by dashed line. 
 
The results obtained demonstrate that experimental data is better fitted by a kinetic IET model 
(R
2
 = 0.983). In this model the reduction of CuA center seems slightly faster than the experimental 
reduction observed, since the decay of the absorbance correspondent to CuA center is not well 
fitted in the model using those parameters. However, a much higher difference was observed when 
the experimental data was fitted with the kinetic model for the direct reduction of CuZº by sodium 
ascorbate (R
2
 = 0.952).  
In order to optimize the fittings of both models, the rate of bimolecular reduction of CuA center in 
the presence of CuZº was varied from the experimentally determined rate of bimolecular reduction 
of CuA center in the presence of CuZ*(4Cu1S). Variations within this rate were performed to 
improve the fitting and therefore new kinetic parameters were generated (Figure 5.15).  
In the kinetic IET model, no major dissimilarities were observed if kIET was maintained ˃ 0.1 s
-1
, as 
long as the equilibrium constant (KIET = kIET/k-IET = 2.5) was also maintained. This allowed defining 
a kIET of 0.1 s
-1
 as the lower limit of the intramolecular electron transfer. The CuA center was better 








. In fact, this change is reasonable 
as is in close proximity to the bimolecular rate of CuA reduction by sodium ascorbate 
experimentally determined in the N2OR sample with 10 % of “CuZ center” as CuZ*(4Cu1S) 
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Figure 5.15 – Fitting of the reduction of CuA center (filled circles) and CuZº (open triangles) in a reaction of 
20 µM N2OR with 80 % of “CuZ center” as CuZ*(4Cu1S) with 36 µM N2O, by sodium ascorbate (7.3 mM). 
The absorbance was normalized and fitted for CuA center at 482 nm (solid line) and CuZº at 683 nm (dashed 
line) with the two models described, using kinetics Tenua program. (A) Fit for an IET kinetic model, using 












; kIET = 0.1 s
-1
 and kIET/k-IET = 2.5; R
2
 = 0.998. 



















 = 0.993.  
 
On the other hand, to improve the fitting of the direct CuZº reduction by sodium ascorbate, a 




) had to be performed, (R
2
 = 0.993), which is no longer 
in the same order of magnitude as before. By opposition to the IET model, this variation is not 
plausible since CuZº and CuZ*(4Cu1S) differ only in the edge hydroxide ligand, being the edge 
ligand of CuZº at ~ 7 Å away from the CuA center, and therefore the kred1 is not justified. In 
addition, the direct reduction of CuA center by sodium ascorbate seems to occur at a similar rate in 
N2OR samples with different forms of “CuZ center”. These results point out that CuZº reduction 
occurs via intramolecular electron transfer through CuA center and the kinetic model of the 
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Figure 5.16 – Kinetic model of the CuZº reduction by IET through CuA center using the Scheme 5.3. Each 
line represents a different species, being those containing the CuA center oxidized represented by solid lines 
and those with the CuA center reduced by dashed lines. The “CuZ center” as CuZº, fully reduced form and 
resting state are colored by green, grey and red, respectively. The model was generated in the kinetics Tenua 













; kIET = 0.1 s
-1
 and kIET/k-IET = 2.5; [N2OR] = 20 µM; [Asc] = 7.29 mM. 
 
As the model shows, in the presence of excess of sodium ascorbate the CuZº is reduced to the fully 
reduced form, through electron transfer from CuA center. During this time period only 5 µM of 
resting CuZ*(4Cu1S) was formed (Figure 5.16). 
Similarly, CuZº reduction was also investigated in the presence of a lower excess of sodium 
ascorbate (~ 16 fold-excess) during 3000 s (Figure 5.17). In this case CuZº was obtained from fully 
reduced N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S). Two reactivity phases were also 
observed in the visible spectra (Figure 5.17A). 
 
Figure 5.17 – Reduction of CuZº, obtained when 30 µM fully reduced N2OR with 60 % of “CuZ center” as 
CuZ*(4Cu1S) reacted with 32 µM N2O, by 490 µM (~ 16 equivalents) sodium ascorbate, added 30 s after 
N2O addition. (A) Visible spectra of reduction of CuZº and CuA during 3000 s. The arrows indicated the 
direction on spectra changes with time, at 482 nm (solid bold arrow) and 683 nm (dashed arrow). (B) Fitting 
adjustment of reduction of CuA center (filled circles and solid line) and CuZº (open triangles and dashed 













kIET = 0.01 s
-1
 and kIET/k-IET = 2.5; R
2
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The analysis of the spectra of the first phase showed that CuA center is not fully reduced within 
800 s due to the lower amount of sodium ascorbate. In fact, this was also observed in the reduction 
study of oxidized N2OR, with 80 % of “CuZ center” as CuZ*(4Cu1S), in the presence of sodium 
ascorbate under similar conditions (Section 5.1). Thus, the reduction of CuZº in this experiment 
was analyzed during 2000 s, guaranteeing that at that point both CuA and CuZº centers were 
completely reduced. 
CuA and CuZº reduction, followed at 482 and 683 nm, respectively, were normalized within that 
time period and fitted using the kinetic model that considers the direct reduction of CuZº via IET 
from CuA (Scheme 5.3, Figure 5.17B). In order to properly fit the data, we first assumed that 
bimolecular reduction (reactions 1, 4 and 7) of this model occurs at the same rate as CuA reduction 
in the presence of CuZ*(4Cu1S), observed in similar conditions (Section 5.1), being 




, initially used. However, as this rate was determined from an 
incomplete reduction of CuA center, a variation in this rate is expected and was tested during the 
fitting.  
Resembling the previous fitting, changing the rate of kred1 to half of its initially value 




) provides a better fit, as it was observed a faster reduction of CuA center. On the 
other hand, the best fit was observed with a kIET = 0.01 s
-1
 but as before kIET /k-IET = 2.5 was 
maintained. 
The CuA center fit is not as good in this case as before, because the experimental data collected 
during the initial seconds showed same oscillations in absorbance. Despite this, the best fit was 
provided by IET model corroborating the results observed with large excess of sodium ascorbate. 
These results also supports our previous suggestion of an IET rate 10
4
 faster that the IET from CuA 
center to resting CuZ*(4Cu1S) center. 
Another experiment was prepared by adding the fully reduced N2OR with 60 % of “CuZ center” as 
CuZ*(4Cu1S) to a solution containing a large excess of sodium ascorbate (~ 330 fold-excess) and 
N2O (~ 7 fold-excess) over the enzyme (Figure 5.18A). Although some features of CuA center 
oxidation were observed in the first acquired spectrum indicating the formation of CuZº, CuA 
center was rapidly reduced. Indeed, a band with absorption maximum at 640 nm was observed 
approximately 400 s after the addition of N2OR. Moreover, following the absorbance in the 
remaining time (during 3000 s), no shifts of the maximum absorption band at 640 nm were 
detected and no increase of absorption features at 620 nm were also observed (Figure 5.18B).  
These results showed that under these conditions no formation of the CuZ' intermediate was 
observed and CuZº decays directly to resting CuZ*(4Cu1S) during the time of the assay. This 
suggests that decay to CuZ' occurs when N2O is absent.  




Figure 5.18 – Reaction of 30 µM fully reduced N2OR, with 60 % of “CuZ center” as CuZ*(4Cu1S), with 
10 mM of sodium ascorbate (~ 330 fold-excess) and 200 µM N2O. (A) Visible spectra acquired during 
3000 s. The arrow indicated the direction of changes over time. (B) Time dependence absorbance of CuZº at 
683 nm (open circles), CuZ*(4Cu1S) at 640 nm (filled squares) and CuZ' intermediate at 620 nm (filled 
triangles). 
 
5.6 Catalytic cycle 
In light of our current knowledge, the activation and the catalytic mechanism of CuZ*(4Cu1S) of 
N2OR from M. hydrocarbonoclasticus is presented in Figure 5.19. 




, which implies 
that intermediate species involved in the catalysis of N2O reduction must be rapidly reduced. 
Therefore, resting CuZ*(4Cu1S) cannot be part of the catalytic mechanism as this species exhibit a 




, pH 7.3) 
168
, that is only observed in the presence of prolonged 
incubation with reduced methyl viologen.  
During the in vitro activation of the enzyme, CuZ*(4Cu1S) is fully reduced to the [4Cu
1+
] 
oxidation state (Intermediate 1). This well characterized form is competent in reacting with N2O. 
The terminal N atom of the N2O molecule binds to CuI, in a linear configuration 
167
. The N-O bond 
cleavage is initiated with an elongation of the N-O bond, which induces a rearrangement of its 
structure, leading to the coordination of the oxygen atom to the CuIV atom, establishing a 
µ-1,3-N2O coordination mode in a 139º angle 
168, 272
, with the oxygen forming a H-bond with the 
protonated K447 (“Intermediate 2”). 
The release of N2 requires two electrons and one proton transfer, in a process involving all the 
copper atoms of “CuZ center” 
167
. Indeed, one electron transferred via CuIV, is required for the N-O 
bond cleavage, followed by a proton transfer from K447 to the oxygen atom, resulting in an 
alteration of CuIV coordination to an OH. This ligand triggers the second electron transfer to disrupt 
the CuI-NO bond, resulting in N2 release 
167
. The lysine K447 becomes re-protonated by a proton 
from the solvent. CuZº
 




 transfer from CuA 
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through H-bridging to K447. A second coordination sphere is involved in stabilization of CuZº 





Figure 5.19 – Mechanism of activation and proposed catalytic cycle of N2OR from 
M. hydrocarbonoclasticus with “CuZ center” as CuZ*(4Cu1S).  
 
The catalytic cycle is completed through the reduction of CuZº by a rapid intramolecular electron 
transfer (kIET > 0.1 s
-1
, KIET = 2.5) via CuA center, possibly reduced by cytochrome c552 since it was 
proved above that this center is reduced by a physiological relevant donor, sodium ascorbate. 
In the absence of an external electron donor, the H-bond of CuZº to K447 is disrupted and an 
alteration of coordination of the active site occurs. In these conditions, the hydroxide ligand 
rearranges, most likely resulting in resting CuZ*(4Cu1S). 
On the other hand, the formation of another intermediate CuZ' is observed, which is not part of the 




] oxidation state, 
and is most likely formed from the oxidation of fully reduced CuZ*(4Cu1S) in the absence of 
substrate. Moreover, we propose here, that CuZ' slowly decays to the resting CuZ*(4Cu1S), which 
has a hydroxide ligand in the edge position between CuI-CuIV.  




In this Chapter new insights into the reactivity of N2OR, mainly with “CuZ center” in the 
CuZ*(4Cu1S) form, with N2O were established and the catalytic mechanism was revisited in light 
of the current knowledge. 
Since cytochrome c552 is able to donate electrons to CuA center of M. hydrocarbonoclasticus 
N2OR, with “CuZ center” as CuZ*(4Cu1S), a kinetic study of direct electron transfer would be of 
outmost importance. However, due to the overlap of the absorption bands it would be difficult to 
follow this reaction. Thus, direct electron transfer was investigated in the presence of sodium 
ascorbate, an artificial electron donor (see below). 
Reduction assays of the oxidized N2OR in the presence of sodium ascorbate showed that CuA 
center can be easily reduced by this reducing agent and its reduction is independent of the form of 
the catalytic center, as the decay of CuA center in preparations containing different forms of “CuZ 
center” occurs at a similar rate. When DAD is present in the assay, it promotes a rapid electron 
transfer and the bimolecular reduction rate of CuA center becomes ~5-fold faster. 
Regarding “CuZ center”, under the concentration of sodium ascorbate used (~ 400 fold-excess over 
protein) the reduction of CuZ*(4Cu1S) was negligible, similarly to CuZ(4Cu2S) center. 
The reaction of the fully reduced N2OR in the presence of N2O was previously investigated and the 
formation of an intermediate species, CuZº, was reported 
148
. The formation of CuZº intermediate 
species was clearly evidenced in our studies and the decay rates observed were in the same order of 
magnitude as those previously reported by Dell’Acqua et al 
148
. However, the second phase of the 
reactivity was quite different.  
In here, evidences for the formation of CuZ' species were presented for the first time. 
Like CuZ*(4Cu1S), CuZ' intermediate species is also redox inert but exhibits a maximum 
absorption at 617 nm. Further analysis showed that this new intermediate species might not be part 
of the catalytic cycle, as it was also observed upon oxidation of fully reduced CuZ*(4Cu1S) and 
this species does not present a high catalytic activity. Although further investigations are still 
needed, we consider in here the possibility of a very slow decay of this species to resting 
CuZ*(4Cu1S) in the presence of oxygen.  
On the other hand, when a higher amount of N2O was used relative to the enzyme, no shifts in the 
maximum absorption band relative to typical CuZ*(4Cu1S) features were detected. This is also 
supported by the addition of the enzyme to a large excess of N2O, in which no CuZ' intermediate 
species was formed. Based on these observations, we envisaged the formation of an intermediate 
species, CuZ', linked to the absence of N2O, while in the presence of excess of substrate and 
absence of reductants the CuZ° decays directly to the resting CuZ*(4Cu1S) form. 
The pH dependence studies of the formation and decay of CuZº intermediate suggest that formation 
of CuZº does not occurs at pH values above pH 9.5 being attributed to the deprotonation of K447 
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and E485. These results corroborate the nature of “intermediate 2” and CuZº species, which we 
recently addressed by spectroscopic techniques and DFT calculations 
167
. No effect of pH on the 
formation of the new intermediate species was observed, which we hypothesized to be a structural 
rearrangement of the CuZ*(4Cu1S) not perturbed by the deprotonation of the nearby lysine K447.  
Although neither CuZ*(4Cu1S) nor CuZ(4Cu2S) centers were reduced in the presence of sodium 
ascorbate, the reduction of the catalytic competent CuZº intermediate was investigated in the 
presence of sodium ascorbate. Our results evidenced that CuZº is reduced by sodium ascorbate and 
the kinetic models developed strongly suggest that this intermediate species is reduced via 
intramolecular electron transfer through CuA center, being unlikely the direct reduction of the 
CuZº by sodium ascorbate. Furthermore, using low or large excess of sodium ascorbate over the 
enzyme, the rate of CuZº reduction through CuA center is 10
4 
faster than the reduction
 
of 
CuZ*(4Cu1S) through CuA center.  
The reduction of CuZº with a physiological relevant reducing agent suggests that CuZº 
intermediate species is the oxidized form of the center in the catalytic cycle that can be rapidly 
reduced to the fully reduced state, closing the cycle. This competent intermediate species is of high 
importance as it can have a role in the in vivo catalysis. The other intermediate species remains to 
be isolated and characterized due to its short life time. 
In conclusion, the catalytic cycle of N2OR with “CuZ center” as CuZ*(4Cu1S) is now better 
understood. Substrate is able to react with the fully reduced CuZ*(4Cu1S) producing the CuZº 
intermediate species. In turn, CuZº in the presence of electrons, can be fully reduced to [4Cu
1+
], by 
IET through CuA center, closing the catalytic cycle. In the absence of substrate, but when electrons 
are present, an intermediate non-catalytic species is formed, which we hypothesized to decay to the 
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6 Interaction of exogenous ligands with nitrous oxide reductase 
In this Chapter, we investigate the interaction of different exogenous ligands (cyanide, azide, nitric 
oxide and halides) with M. hydrocarbonoclasticus N2OR, with “CuZ center” in two different 
forms, in order to identify their mode of action and the inhibition mechanism. Although the 
interaction of some of these ligands with N2OR has been previously described 
89, 130, 172, 173
, at that 
time the existence of two different forms of the N2OR active site was not known. Therefore, a 
thorough study is justified. 
Here, we will compare the effect of ligands and identify whether they bind to CuA or “CuZ” 
centers, with the latter either as CuZ*(4Cu1S) or CuZ(4Cu2S), using UV-visible and EPR 
spectroscopies; their effect in the specific activity of N2OR; and also the effect of iodide in the 
stability of N2OR, using differential scanning calorimetry. 
Analysis of these data can clarify the interaction of the substrate with the two forms of the “CuZ 
center”. 
 
6.1 Interaction of halides with different forms of N2OR 
Copper-containing proteins, especially those with mononuclear and binuclear copper sites, such as 
tyrosinase and hemocyanin, are well-known for their reactivity with small exogenous ligands, such 
as halides 
146, 273, 274
. These ligands may interact differently with different forms and oxidation states 
of N2OR, and thus we investigated the interaction of the halides with various enzymatic 
preparations.  
Interaction of fluoride, chloride, bromide and iodide with the oxidized N2OR, with 50 % of “CuZ 
center” as CuZ*(4Cu1S), was investigated (Figure 6.1). In these experiments, N2OR was 
anaerobically titrated with increasing concentrations of each of these ligands and the changes were 
monitored by visible spectroscopy. 
The results obtained show that addition of bromide between 0 and 218 mM, causes only a slight 
increase in the absorbance of all the visible spectra, suggesting that interaction of this ligand with 
this form of the enzyme probably does not occur (Figure 6.1C). On the contrary, fluoride, chloride 
and iodide, when added in a similar concentration range as bromide, gave rise to higher 
perturbations on the visible spectra.  
Fluoride was the only halide tested that produced a decrease in the intensity of N2OR absorption 
bands, with apparent perturbation of the CuZ*(4Cu1S) center upon increase of its concentration 
(Figure 6.1A). Although the formation of new species by visible spectroscopy was not evident, the 
reduction of CuA center was observed with increasing concentrations of fluoride.  
Chloride seems to interact with CuZ*(4Cu1S), as it was observed an increase of absorbance at 
640 nm (Figure 6.1B). 
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In the case of iodide, a larger effect was observed at the CuZ*(4Cu1S) center, with an increase in 
the absorbance at 640 nm, accompanied by an increase in intensity of the absorption band at 750 





Figure 6.1 – Effect of halides in the visible spectra of 12 µM oxidized N2OR with 50 % of “CuZ center” as 
CuZ*(4Cu1S), in 100 mM Tris-HCl, pH 7.6. (A) Addition of increasing concentrations of sodium fluoride, 
from 0 to 204 mM. (B) Addition of increasing concentrations of sodium chloride, from 0 to 224 mM. (C) 
Addition of increasing concentrations of sodium bromide, from 0 to 218 mM. (D) Addition of increasing 
concentrations of potassium iodide, from 0 to 219 mM. The arrows indicate the direction of the spectral 
changes. Spectra were corrected for the absorbance at 402 nm. 
 
Although perturbations were detected in the absorption bands of CuA center, with increasing 
concentrations of fluoride and bromide, this is probably related with an effect on the “CuZ center” 
thought a partial reduction of CuA center may also occur. In fact, CuA center does not have free 
positions for ligand binding (unless His576 is flipped away from the CuA1), and therefore 
formation of a metal-ligand complex is unlikely. Indeed, to our knowledge, there were no reports of 
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The binding affinity of each halide to the tetranuclear site CuZ*(4Cu1S) was also estimated by 
titration assays. From the halides tested, bromide showed almost no differences in the absorbance 
at 640 nm and therefore we have to consider that bromide does not interact with CuZ*(4Cu1S), at 
least up to 10000-fold excess relative to the protein, as mentioned. In the case of fluoride, although 
a decrease in absorbance was noticed at 640 nm, upon subtraction of the contribution of CuA 
center to this wavelength, the variations observed were irrelevant.  
On the contrary, titrations performed with chloride and iodide exhibited differences in the 
absorbance at 640 nm with increasing ligand concentrations. Apparent dissociation constants of 
34 ± 2 mM and 40 ± 2 mM were estimated for chloride and iodide, respectively, for their binding 
to CuZ*(4Cu1S) (Figure 6.2). Chloride exhibits a higher affinity for CuZ*(4Cu1S), relative to the 









chloride has a small size compared to iodide, possibly facilitating its binding. Nevertheless, the 
only known structure reported with a halide directly bound to “CuZ center” is the iodide-inhibited 
N2OR from A. cycloclastes, in which iodide is bound to the edge between CuI-CuIV 
151
. Although 
we cannot infer the binding position of the other halides by these experiments, similar variations of 
the N2OR spectra in the presence of chloride and iodide were observed and therefore the possibility 
of these ions having the same mode of action cannot be excluded. 
 
Figure 6.2 – Variation of the absorbance at 640 nm upon addition of (A) chloride and (B) iodide to N2OR 
with 50 % of “CuZ center” as CuZ*(4Cu1S), at pH 7.6. Data were fitted to one binding site equation with a 
Kd
app
 of 34 ± 2 mM and 40 ± 2 mM, for the binding of chloride and iodide, respectively.  
 
We also studied the iodide binding to N2OR, with 50 % of “CuZ center” as CuZ*(4Cu1S), at pH 
6.0 and 9.0. Moreover, as this is a mixture of 50 % CuZ*(4Cu1S), effects on the other form of 
“CuZ center” might occur and will also be analyzed. 
The titrations performed at pH 6.0 and 9.0 showed similar changes in the visible spectra as the ones 





































A                                                                               B                                      
Chapter 6    
170 
 
least between pH 6.0 and 9.0 (Figure 6.3). The apparent dissociation constant seems to be affected 
by pH, as a Kd
app of 24 ± 2 mM and 49 ± 3 mM were estimated for pH 6.0 and pH 9.0, respectively, 
demonstrating that the affinity is higher at lower pH. This might also explain why we were not able 
to observe iodide binding in the crystallographic studies, as crystallizations were performed at pH 
9.5. 
Furthermore, in the presence of 200 mM of iodide, a decrease in the intensity of the absorption 
band at 550 nm was also observed at different pH values, while the spectroscopic features of CuA 
center do not seem to be highly affected, an indication that iodide can also interact with 
CuZ(4Cu2S). 
 
Figure 6.3 – Effect of pH on the iodide binding to 12 µM oxidized N2OR with “CuZ center” as 50 % 
CuZ*(4Cu1S): (A) pH 6.0, (B) pH 7.6 and (C) pH 9.0. The spectra with 0 mM (dashed line) and 200 mM 
(solid line) are represented for each pH. Spectra were corrected to 399 nm.  
 
Interaction of halides with N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S), was also 
investigated, as in this form there is no overlap of the CuZ*(4Cu1S) features (Figure 6.4). 
In the oxidized state of CuZ(4Cu2S), the absorbance at 550 nm decreases with ligand addition, 
except with fluoride, whose effect on the enzyme is almost inexistent (Figure 6.4A). This 
observation is in accordance with similar studies on P. stutzeri N2OR, with “CuZ center” mainly as 
CuZ(4Cu2S), in which fluoride, even in large excess over the protein did not produce any major 
perturbations in the visible and EPR spectra of the enzyme 
275
. 
On the other hand, the band at 550 nm decreases upon addition of chloride, bromide and iodide, but 
a large excess of ligand was necessary, to observe perturbations in the visible spectra in the 
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Figure 6.4 – Effect of halides on the visible spectra of 18 µM oxidized N2OR with 10 % of “CuZ center” as 
CuZ*(4Cu1S), in 100 mM Tris-HCl, pH 7.6. (A) Addition of increasing concentrations of sodium fluoride, 
from 0 to 235 mM. (B) Addition of increasing concentrations of sodium chloride, from 0 to 600 mM. (C) 
Addition of increasing concentrations of sodium bromide, from 0 to 322 mM. (D) Addition of increasing 
concentrations of potassium iodide, from 0 to 300 mM. The arrows indicate the direction of absorbance 
changes with ligand additions. 
 
Additions of chloride caused perturbations in the spectra, mainly observed between 450 - 650 nm, 
as observed in the difference spectra (Figure 6.5A). These changes seem to be associated with a 
non-specific binding, as the absorbance changes were proportional to the concentration of the 
ligand and up to 600 mM of chloride no plateau in the binding curve was observed (Figure 6.5B). 
Moreover, changes observed in the presence of chloride are similar to those previously reported for 
the titration of oxidized CuZ(4Cu2S) from P. stutzeri N2OR (0.08 mM) with concentrations up to 
366 mM of chloride (although there are differences in the N2OR:NaCl ratio) 
172
. 
In the case of bromide a large decrease in the absorbance was detected at 550 nm, but only for 


































































A                                                                                 B
C                                                                                 D
F- Cl-
Br- I-




Figure 6.5 – Effect of chloride on the oxidized N2OR (18 µM) with 10 % of “CuZ center” as CuZ*(4Cu1S) 
at pH 7.6. (A) Difference spectra during the titration with chloride (0 – 600 mM). The arrows indicate the 
changes with chloride additions. (B) Dependence of variation on the absorbance at 550 nm. Data cannot be 
fitted to a one binding site equation (dotted line).  
 
On the other hand, iodide exhibited a different and stronger effect in the visible spectra, 
characterized by the emergence of a new band. In order to better understand these perturbations the 
difference spectra is presented (Figure 6.6A). Besides the observed differences at 550 nm, there is 
the emergence of a new band at 645 nm and with subsequent additions of iodide a shoulder at 
750 nm is also observed. Interestingly, the decrease of the maximum absorbance at 550 nm is 
simultaneous with the increase of absorbance at 640 nm and thus a possible conversion of 
CuZ(4Cu2S) into CuZ*(4Cu1S) is hypothesized. 
 
Figure 6.6 – Effect of iodide on the oxidized N2OR (18 µM), with 10 % of “CuZ center” as CuZ*(4Cu1S), at 
pH 7.6. (A) Difference spectra during the titration with iodide (0 to 300 mM). The arrows indicate the 
direction of absorbance changes with iodide additions. (B) Dependence of variation on the absorbance at 550 
nm (filled circles) and at 640 nm (open circles). Data were fitted to a one binding site equation with a Kd
app
 of 
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Furthermore, the absorption band at 750 nm was only observed at concentrations of iodide higher 
than 297 mM and might be related with a ligand-to-metal charge transfer. Note that such 
concentrations where not tested in the titration described before using a N2OR sample with 50 % of 
“CuZ center” as CuZ*(4Cu1S) and therefore we cannot consider that this band is exclusive of 
CuZ(4Cu2S) (see below).  
Since in the previous titrations of N2OR with “CuZ center” as CuZ*(4Cu1S), CuA center did not 
exhibit any perturbation upon addition of iodide, we calculated the apparent dissociation constant at 
550 and 640 nm, without subtracting the CuA center contribution. Fitting the data to one binding 
site, a Kd
app
 of 90 ± 4 mM was estimated, indicating a lower affinity of the iodide for the 
CuZ(4Cu2S) relative to the CuZ*(4Cu1S) form (Figure 6.6B, Table 6.1).  
As ligand affinity could vary with the oxidation state of the copper atoms, we also performed a 
titration of N2OR, containing CuZ(4Cu2S) in the reduced state, with iodide (Figure 6.7). In this 
case, there were no contribution of the CuA center to the spectrum and N2OR visible spectrum 
exhibits a maximum at 660 nm, which decreases with iodide additions. The apparent dissociation 
constant estimated at this wavelength was obtained by fitting the data to one binding site equation 
and has a value of 20 ± 2 mM.  
The binding of iodide to different forms and redox states of the enzyme, suggests that this ion has 
higher affinity to the reduced CuZ(4Cu2S), relative to the oxidized state of this center.  
 
Figure 6.7 – Effect of iodide in the visible spectra of 20 µM reduced N2OR, with 10 % of “CuZ center” as 
CuZ*(4Cu1S), at pH 7.6. The arrow indicates the direction of the absorbance changes with iodide in the 
range 0 to 190 mM. (B) Dependence of the variation on the absorbance at 660 nm with iodide concentration. 
Data were fitted to a one binding site equation with a Kd
app
 of 20 ± 2 mM. 
 
From the halides tested, iodide produced the most interesting effect, as perturbations are observed 
in the two forms of the catalytic center (Table 6.1). The affinity of iodide at pH 7.6 follows the 
order: reduced CuZ(4Cu2S) ˃ CuZ*(4Cu1S) ˃ oxidized CuZ(4Cu2S). Thus, the binding of the 
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Table 6.1 – Parameters (ΔAbsmax and Kd
app
) used in the fitting of each ligand with the different forms of the 
“CuZ center” of N2OR. 
“CuZ center” 
                  Cl
- 









(Abs 640 nm) 




24 ± 2, at pH 6.0 
40 ± 2, at pH 7.6 
49 ± 3, at pH 9.0 
Oxidized CuZ(4Cu2S) 
(Abs 550 nm) 
- - 0.010 90 ± 4, at pH 7.6 
Reduced CuZ(4Cu2S) 
(Abs 660 nm) 
- - 0.010 20 ± 2, at pH 7.6 
 
6.2 Effect of iodide binding to different forms of N2OR 
6.2.1 Spectroscopic and steady-state kinetics studies 
In order to understand the effect of iodide on the different forms of the “CuZ center” of 
M. hydrocarbonoclasticus N2OR, an enzyme preparation with 65 % of “CuZ center” as 
CuZ*(4Cu1S) was incubated with 500-fold excess of iodide, under anaerobic conditions for 48 h 
(Figure 6.8A). During this period, a macroscopic change of the color of N2OR from pink to blue 
was observed upon iodide exposure. 
Larger spectroscopic changes occurred during the initial 7 h, in which the intensity of the 
characteristic bands of CuA center was perturbed. Differences in the CuZ*(4Cu1S) were 
practically not detected in this 7 h period.  
Spectra collected after 24 and 48 h showed a complete bleaching of the CuA features, while at 
640 nm, there was a small increase in the absorbance and the formation of a small shoulder at 
750 nm (Figure 6.8). These are characteristics of the formation of a blue adduct, upon binding of 
iodide to the CuI-CuIV edge of the CuZ*(4Cu1S) center as reported for A. cycloclastes N2OR 
151
. 
In this titration it was observed some differences relative to the iodide titration of N2OR with 50 % 
of “CuZ center” as CuZ*(4Cu1S) (Figure 6.1D), which are attributed to the incubation period in 
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Figure 6.8 – Effect of iodide (500-fold excess) on the visible spectra of 7 µM oxidized N2OR, with 65 % of 
“CuZ center” as CuZ*(4Cu1S), at pH 7.6. (A) Spectra of oxidized N2OR after 0, 1, 5, 7, 24 and 48 h 
incubation with iodide. (B) The visible spectra of oxidized N2OR (t = 0, black), after 48 h incubation with 
iodide (red), sodium dithionite reduction of inhibited N2OR (blue) and oxidation of inhibited N2OR (green) 
are represented. Absorbance was corrected based on the concentration of protein by modified Lowry method. 
The arrows indicate spectral changes with the incubation time. 
 
The oxidized/reduced spectra of I-N2OR adduct formed after 48 h incubation is presented in Figure 
6.8B. Upon oxidation, characteristics of the CuA center are re-established, demonstrating that 
exposure of N2OR to iodide simply leads to the reduction of CuA center. 
In the reduced spectrum a shoulder at 750 nm can be observed. Moreover, the absorption maximum 
at 640 nm of the species formed did not shift upon oxidation or reduction, indicating that even if I
-
 
is binding at the CuI-CuIV edge, this form of “CuZ center” remains redox inert.  
The amount of copper atoms per protein was estimated before (6.9 ± 0.4) and after 48 h incubation 
with iodide (6.6 ± 0.5). These results indicate that no copper was lost during incubation with 
iodide.  
Exposure of reduced N2OR with 10 % of “CuZ center” as CuZ*(4Cu1S) to 500-fold excess of 
iodide also induced the formation of the iodide adduct, marked by a shift of the maximum 
absorbance at 660 nm to 645 nm, concomitantly with the emergence of a shoulder at 750 nm 
(Figure 6.9A). Upon oxidation with potassium ferricyanide, the spectrum of the I-N2OR complex 
shows additional features of oxidized CuA center, but the features of the oxidized CuZ(4Cu2S) 
were no longer observed (Figure 6.9B). In addition, reduction of the I-N2OR complex with 
dithionite did not re-establish the initial spectrum, as the maximum absorption band is still 
observed at 645 nm.  
In fact, the spectra obtained after 48 h incubation with iodide and also the oxidized I-N2OR 
complex are identical to that of N2OR with “CuZ center” mainly as CuZ*(4Cu1S), suggesting that 
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Moreover, a copper/protein ratio of 9.0 ± 0.2 was determined for the iodide-incubated sample, 
which is identical to the ratio determined for the as-isolated enzyme (8.9 ± 0.4), indicating that 
iodide binding to this form of the enzyme also does not cause loss of copper.  
 
Figure 6.9 – Effect of iodide (500-fold excess) on the visible spectra of 20 µM oxidized N2OR, with 10 % of 
“CuZ center” as CuZ*(4Cu1S). (A) Spectra of reduced N2OR after 0, 1, 3, 5, 8, 20, 24 and 48 h incubation 
with iodide. (B) The visible spectra of oxidized N2OR, (black), iodide incubated after 48 h (red), sodium 
dithionite reduction of inhibited N2OR (blue) and oxidation of inhibited N2OR (green) are represented. 
Corrected absorbance is based on the concentration of protein by modified Lowry method. The arrows 
indicate spectral changes with the incubation time. 
 
The effect of 500-fold excess of iodide on the oxidized N2OR, with 10 % of “CuZ center” as 
CuZ*(4Cu1S) was also monitored during 48 h and the changes were similar to those observed in 
the titration (Figure 6.10). During this incubation period there was a decrease of absorbance at 
550 nm with concomitant increased of absorbance at 640 nm. 
 
Figure 6.10 – Effect of iodide (500-fold excess), after 0, 1, 3, 5, 8, 20, 28 and 48 h incubation, on the visible 
spectra of 16 µM oxidized N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S), at pH 7.6. The arrows 
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The spectrum obtained after 48 h incubation is similar to the one reported for oxidized P. stutzeri 
N2OR, with mainly CuZ(4Cu2S), after being incubated with 200 equivalents of KI during 36 h 
275, 
276
. Indeed, in the experiment performed with P. stutzeri N2OR, a band at 632 nm was reported 
after 36 h incubation, which did not change even in the presence of a strong oxidizing agent 
275, 276
. 
The complexes formed between iodide and the enzyme with different forms of “CuZ center” after 
48 h were also analyzed by X-band EPR (Figure 6.11). 
 
Figure 6.11 – X-band EPR spectra of iodide-N2OR complex. (A) Spectra of 166 µM N2OR with 65 % of 
“CuZ center” as CuZ*(4Cu1S) and (B) spectra of 200 µM N2OR with 10 % of “CuZ center” as 
CuZ*(4Cu1S) are represented. In each panel, oxidized N2OR and iodide incubated N2OR (500-fold excess, 
incubated for 48 h) are numbered by I and II, respectively. Experimental settings: microwave frequency, 
9.65 GHz; microwave power, 2 mW; gain, 1×10
5
; temperature, 30 K. 
 
The EPR spectrum of N2OR with mainly “CuZ center” as CuZ*(4Cu1S) has an axial signal with a 
7-line hyperfine pattern, characteristic of the presence of oxidized CuA center (Figure 6.11A). 
After N2OR exposure to iodide for 48 h, the EPR spectrum of this sample still exhibits an axial 
signal, with g║ = 2.24 and g┴ = 2.04, but with broad features (Figure 6.11A).  
In the case of oxidized N2OR with 10 % of “CuZ center” as CuZ*(4Cu1S) and before incubation 
with iodide, an axial signal is observed in the EPR spectrum also with 7 hyperfine lines. Upon 
incubation with iodide during 48 h, the 7-line hyperfine structure disapears, and a broad and low 
resolved pattern is observed, which seems to be different from the one observed for the complex 
formed with N2OR mainly as CuZ*(4Cu1S), but the signal is still axial, with g║ = 2.25, g┴ = 2.05 
(Figure 6.11B). 
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Since iodide was shown to bind at the CuI-CuIV edge of CuZ*(4Cu1S) 
151
, and given the nuclei spin 
of 5/2 of iodide each of the copper lines can be divided into 6 lines undistinguished in this 
conditions, hampering the simulation of this spectrum. 
In order to understand the changes caused by iodide, a spin quantification was performed. In a 
sample containing 100 % of “CuZ center” as CuZ*(4Cu1S) in its fully oxidized state it is expected 
a spin of 2, as both CuA (S = 1/2) and CuZ*(4Cu1S) centers (S = 1/2) are paramagnetic. On the 
other hand, fully oxidized CuZ(4Cu2S) is diamagnetic and does not contribute to the spin 
quantification. Therefore, the expected spin of the oxidized samples were estimated based on the 
percentage of CuZ*(4Cu1S) calculated by its specific activity. The spin quantification of I-N2OR 
complexes were determined by integration of the area of each spectrum and related to the area of 
the spectrum of the respective oxidized N2OR (Table 6.2). 
 




65 % CuZ*(4Cu1S) 1.7 1.3 
10 % CuZ*(4Cu1S) 1.1 0.9 
Note: 
a
expected spin given the percentage of CuZ*(4Cu1S) determined by its specific activity. 
 
In the case of N2OR with 65 % of “CuZ center” as CuZ*(4Cu1S), a spin of 1.3 was estimated upon 
iodide incubation, indicating that there was some reduction of the copper centers (oxidized sample 
has a spin of 1.7), similarly to that observed in the visible spectrum (Figure 6.8A), specially 
reduction of CuA center.  
The N2OR with 10 % of “CuZ center” as CuZ*(4Cu1S) in the fully oxidized state has a spin of 1.1 
which decreases to 0.9 upon iodide incubation. Despite the small difference observed in the spin 
quantification, we can not conclude on the reduction of CuA center by the analysis of this result 
itself. In fact, given the reduction power of iodide, if reduction of both CuA and CuZ(4Cu2S) 
occurs, a spin of 1 would still be expected as CuZ(4Cu2S) in its reduced state is paramagnetic 
(S = 1/2).  
EPR spectra upon iodide binding are still paramagnetic and the signals observed are different from 




] oxidation state, in the absence of iodide 
indicating that a complex is formed between N2OR and this exogenous ligand. 
 
The effect of iodide on the enzymatic activity was analyzed by steady-state kinetics during the 
incubation with iodide (Figure 6.12). At each time-point, a small sample of I-N2OR was taken and 
incubated for 3 h in the presence of reduced methyl viologen and afterwards N2O was added to 
start the assay. Surprisingly, the N2OR with 50 % of “CuZ center” as CuZ*(4Cu1S) incubated with 
500-fold excess iodide did not show a decrease in the activity (Figure 6.12A). Similarly, the 
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activity assays performed with a preparation with 10 % of “CuZ center” as CuZ*(4Cu1S) also 
showed an almost constant specific activity during the incubation with iodide.  
In order to understand if the iodide does not really affect the specific activity of the enzyme, a 
N2OR preparation with 65 % of “CuZ center” as CuZ*(4Cu1S) was incubated in the presence of KI 
(between 0 to 352 µM) for 24 h and then incubated 3 h with reduced methyl viologen before 
substrate addition. Our results showed that even in the presence of 5000-fold excess of iodide 
relative to the enzyme (352 µM of KI), no changes in the activity were observed (Figure 6.12B). 
 
Figure 6.12 – Effect of iodide on the enzymatic activity of N2OR. (A) The specific activity of 70 nM N2OR, 
with 50 % of “CuZ center” as CuZ*(4Cu1S) (filled circles) and as 10 % of “CuZ center” as CuZ*(4Cu1S) 
(open circles) was measured at different incubation times with the ligand (500-fold excess). (B) Assays were 
performed with 70 nM of N2OR, with 65 % of “CuZ center” as CuZ*(4Cu1S), incubated 24 h in the presence 
of 0, 3.5, 17.6, 35.2, 176 and 352 µM of KI (final concentrations in the activity assay).  
 
6.2.2 Thermal stability of different forms of N2OR in the presence and absence of iodide 
The thermal stability of different forms of “CuZ center” was studied in absence and presence of 
iodide by differential scanning calorimetry (DSC) (Figure 6.13).  
The asymmetric thermograms of N2OR, with “CuZ center” as 10 % and 50 % CuZ*(4Cu1S), 
obtained in the absence of iodide, presents some differences between them (Figure 6.13A and C). 
Nevertheless, both thermograms displayed two broad endothermic peaks, each one fitted to a non 
two-state transition model. Similar melting temperatures (Tm) were observed for both “CuZ center” 
forms, with values of 51 ºC and 58 ºC, determined for the first and second transition, respectively 









































































Figure 6.13 – Molar heat capacity profiles of different forms of N2OR. N2OR (20 µM), with 50 % of “CuZ 
center” as CuZ*(4Cu1S) in the absence (A) and presence (B) of KI. N2OR (20 µM), with 10 % of “CuZ 
center” as CuZ*(4Cu1S) in the absence (C) and presence (D) of KI. Samples were prepared in 100 mM 
HEPES, pH 7.0. The sample prepared in the presence of the ligand was incubated with 500 equivalents of KI 
for 48 h at 4 °C. The thermograms were baseline corrected and normalized for concentration (solid line). The 
simulations fitting the data are represented by a dashed line which is the sum of two independent models 
represented by dotted lines. 
 
Van’t Hoff enthalpies (ΔHvH), which are given by the shape of the transition curve, were identical 
for the first transition of different forms of N2OR, while the second transition was quite dissimilar 
between these forms, being necessary a higher energy to disrupt the structure of the second species 
of N2OR 50 % CuZ*(4Cu1S) compared to 10 % CuZ*(4Cu1S) form. It should be noted that in the 
sample with 10 % of “CuZ center” as CuZ*(4Cu1S), the fitting in the maximum of the second 
transition would probably give a more accurate model if we used a temperature limit, as it is 
possible that the thermogram is distorted by the aggregation that occurs at higher temperatures. But 
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On the other hand, calorimetric enthalpies (ΔHcal) were determined based on the total area of the 
thermogram peaks. Although comparison between ΔHcal and ΔHvH can give valuable information 
about the unfolding, in the case of N2OR it is not so simple as this enzyme is a dimer. In fact, 
asymmetric thermograms are often associated to the unfolding of domains or subunits on 
proteins 
277
, thus, further studies are needed to access structural information. 
The unfolding process is irreversible as precipitation after unfolding was detected in all the profiles 
near 83 ºC, being confirmed in the end of each experiment by visual inspection. Furthermore, the 
unfolding process of N2OR most likely leads to the loss of its copper atoms, making the refolding 
process impossible. 
These denaturation temperatures and shape of thermograms are in line with the apo-form of 
S. denitrificans N2OR, in which a Tm of 54 ºC was reported by differential scanning fluorimetry 
129
, 
although an increase of Tm for the holo-protein would be expected. In fact, N2OR from 
S. denitrificans has 68 % primary sequence identity with M. hydrocarbonoclasticus N2OR and 
some differences in the Tm may occur.  
The Tm was practically unaffected by the presence of iodide, indicating that ligand binding did not 
stabilize or destabilize the protein (Figure 6.13B and D, parameters in Table 6.3). In fact, for N2OR 
with either form of “CuZ center”, the presence of iodide does not change the main transitions. In 
addition, the calorimetric enthalpies did not change significantly in the presence of ligand. 
The enthalpy of unfolding, in turn, seemed similar between the 1
st
 and the 2
nd
 transition in the 
iodide complex with N2OR with 50 % of “CuZ center” as CuZ*(4Cu1S), while in the complex with 
10 % of “CuZ center” as CuZ*(4Cu1S) the enthalpies between transitions were more dissimilar. 
 
Table 6.3 – Parameters of the stability of different forms of N2OR and the effect of iodide.  
















CuZ*(4Cu1S) - 469.9 51.4 58.5 429.9 562.3 
CuZ*(4Cu1S) I
-
 442.5 51.1 58.2 531.5 527.2 
CuZ (4Cu2S) - 342.3 51.3 58.2 440.8 370.0 
CuZ (4Cu2S) I
-
 351.0 52.3 58.6 349.4 473.4 
Notes: Enzyme was incubated with iodide for 48 h prior to the experiment. ΔHcal – calorimetric enthalpy; 
ΔHvH – van’t Hoff enthalpy.  
 
Given the results obtained, we propose a possible binding mode of iodide to the active center of 
N2OR. 
Spectroscopically, the formation of a metal-ligand complex in both forms was evidenced, but its 
thermostability was not affected. The crystallographic structure obtained in the presence of iodide 
showed an iodide atom bound to the CuI-CuIV edge at the CuZ*(4Cu1S) center 
151
. However, in the 
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CuZ(4Cu2S), this edge is occupied by a sulfur atom, hampering the binding of other molecules to 
this site. Considering that iodide bound to the two forms of “CuZ center” has similar spectroscopic 




] oxidation state, in particular upon 
oxidation and reduction of I-N2OR complex formed), we propose that iodide binds to both centers 
in a similar way. Moreover, we hypothesize that there is a displacement of the thiolate ligand upon 
iodide binding, though the catalytic activity of the inhibited form is not affected.  
 
6.3 Effect of cyanide and azide on N2OR 
The binding of cyanide or azide, which are known to interact with copper centers, was investigated 
on N2OR with 60 % of “CuZ center” as CuZ*(4Cu1S), by visible spectroscopy and steady-state 
kinetics in a time dependent assay. 
Addition of 5-fold excess of cyanide to the oxidized N2OR was monitored over 48 h under 
anaerobic conditions. A decrease in the intensity of the spectral features was observed during the 
incubation time in the region 400 – 900 nm (Figure 6.14A). After 48 h, we investigated the effect 
of this ligand on N2OR and the reversibility of the spectral changes caused by cyanide incubation, 
through the oxidation and reduction of the inhibited sample (Figure 6.14B). Spectra were recorded 
after removal of excess of cyanide, oxidizing/reducing agents and unbound copper ions. Oxidation 
of the inhibited N2OR did not completely re-establish the initial spectrum of the enzyme. In fact, 
the oxidized spectrum indicates that CuA features were only partially restored. On the other hand, 
the reduced spectrum, presented an intense absorption band with a maximum at 645 nm and a 
shoulder at 760 nm. These results suggest the formation of a new species at the active site that was 
not observed in the oxidized spectra. Besides the alteration of the “CuZ center”, cyanide also 
caused copper depletion (from 6.9 ± 0.4 to 3.1 ± 0.1), with a loss of ~ 55 % of copper relative to 
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Figure 6.14 – Effect of cyanide (5-fold excess) on the visible spectra of N2OR, with 65 % of “CuZ center” as 
CuZ*(4Cu1S). (A) N2OR (7 µM) spectra recorded after 0, 0.25, 0.5, 1, 18, and 24 h during incubation. (B) 
The visible spectra of purified N2OR (black), cyanide-incubated during 48 h (green), sodium dithionite 
reduction inhibited N2OR (blue) and oxidation of inhibited N2OR (red) are represented. The absorbance was 
corrected between samples based on the concentration of protein by modified Lowry method. The arrow 
represents the spectral changes with time. 
 
A similar assay was performed with sodium azide (~ 700-fold excess) over 24 h, which showed 
identical changes to those observed in N2OR incubated with sodium cyanide (Figure 6.15).  
The recorded spectra showed a decrease in the intensity of the bands in the visible region but no 
new features were observed, contrary to earlier studies in which the addition of varying amounts of 
azide to N2OR with mainly CuZ*(4Cu1S) center showed the formation of a new band at 375 nm, 
possibly due to N3
-
→Cu(II) LMCT transition, besides the bleaching in the visible region 
172
.  
Moreover, ~ 33 % of the initial copper (from 6.9 ± 0.4 to 4.6 ± 0.3) was washed-out and the 
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Figure 6.15 – Effect of azide (700-fold excess) on the visible spectra of 7 µM N2OR, with 65 % as 
CuZ*(4Cu1S). The visible spectra of purified N2OR (back line), azide incubated N2OR after 24 h 
(dashed-dotted line) and oxidation of inhibited N2OR (dashed line) are represented. The absorbance was 
corrected for the concentration of protein determined by modified Lowry method.  
 
The effect of both ligands on the enzymatic activity was studied by steady-state kinetics at different 
incubation times (Figure 6.16A). Before incubation, a maximum specific activity of 




N2OR was determined. Subsequent decay of the activity with respect to 
the initial value was observed at different times of incubation. In the case of cyanide, no major 
differences were detected between 24 h and 48 h, suggesting that for the cyanide concentration 
used, a maximum decay of 60 % relative to the initial value was obtained after 24 h. 
On the other hand, the azide, although used in large excess relative to N2OR, exhibited only 30 % 
decrease of the activity relative to the initial value. Fitting of the data, using a one-phase 
exponential decay, enabled the estimation of an inactivation rate of N2OR of 0.4 h
-1
 for azide, while 
a two-phase exponential decay was the best fit for the cyanide concentration used with two rate 
constants of 0.1 and 1.1 h
-1 
(Figure 6.16A). 
The influence of ligand concentration on the enzymatic activity was also evaluated. In the presence 
of cyanide, enzymatic activity was almost undetected for a N2OR:NaCN ratio of ~ 1:24, while in 
the case of azide all the concentrations tested displayed activity, but a decrease in the specific 
activity was observed with the increase of ligand concentration (Figure 6.16B). 
These results point out that cyanide is a potent inhibitor of N2OR, since low concentrations were 





proven to promote copper loss, these are cases of irreversible inhibition, with the decrease of 
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Figure 6.16 – Effect of azide (open circles) and cyanide (filled circles) on the enzymatic activity of N2OR, 
with 65 % of “CuZ center” as CuZ*(4Cu1S). (A) The rate of decay of activity was measured as a function of 
time after addition of ligands. The azide data were best fitted to a one-phase exponential decay function with 
a rate constant k = 0.4 h
-1
 and cyanide data were best fitted to a two-phase exponential decay function, with 
two rate constants k1 = 0.1 h
-1
 and k2 = 1.1 h
-1
. (B) Incubation for 48 h of N2OR (14.8 µM) in the presence of 
0, 7, 35, 70, 359 and 700 µM of cyanide (filled circles) and incubation of N2OR (14 µM as final 
concentration in the assay) in the presence of 0, 491 and 655 µM of azide during 24 h (open circles). 
 
6.4 Effect of nitric oxide on different forms of N2OR 
Nitric oxide interacts with various types of copper-containing proteins producing different 
effects 
278
, and there are studies reporting its interaction with N2OR 
130, 172
. 
The NO effect was investigated by titrating oxidized N2OR, with 10 % and 50 % of “CuZ center” 
as CuZ*(4Cu1S), and monitoring changes in the visible spectra. Titration of N2OR, with 50 % of 
“CuZ center” as CuZ*(4Cu1S), with NO concentration between 0 and 60 µM, exhibited an 
increase in the absorbance, especially at 640 nm (Figure 6.17A). At higher NO concentrations, 
perturbations at the CuA center were also observed in particular at 800 nm, but these differences 
might be due to its reduction. In fact, this is acceptable since no effect of NO has been previously 
reported on the CuA center of CcO 
278
.  
An apparent dissociation constant of 8.0 ± 0.5 µM was determined at 640 nm demonstrating a high 
affinity of NO to N2OR, when compared with the halides previously studied (Figure 6.17B). 
In the case of a sample of N2OR mainly with CuZ(4Cu2S), a sharp decrease in the absorbance at 
550 nm was observed upon NO addition (in the range of 0 to 60 µM), suggesting that NO strongly 
perturbs the CuZ(4Cu2S) center (Figure 6.17C). Moreover, at the end of the titration, an emergence 
of an absorption band at 634 nm is observed suggesting the conversion of CuZ(4Cu2S) into 
CuZ*(4Cu1S). A decrease on the absorbance was also detected by spectroscopic (EPR and 
UV-visible) studies performed with P. stutzeri N2OR, in which the presence of NO causes the loss 
of the hyperfine structure in both g║ and g┴ regions, and when NO is in large excess the formation 
of a new signal was reported 
130
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oxidized N2OR mainly with CuZ(4Cu2S) was also reported, with the formation of an absorption 
band at approximately 630 nm 
279
. This alteration appears to be reversible to the initial form, 
CuZ(4Cu2S) upon air oxidation 
279
. Interestingly, Frunzke et al. also state that the presence of NO 
in the CuZ(4Cu2S) form leads to a decrease in the specific activity of the enzyme, which is not 




Figure 6.17 – Effect of NO titrated in the range 0 – 60 µM on the visible spectra of N2OR. (A) N2OR 
(40 µM), with 50 % of “CuZ center” as CuZ*(4Cu1S) was titrated with nitric oxide. (B) Dependence of 
spectral differences at 640 nm as a funtion of NO concentration. Data were fitted to a one binding site 
equation, and Kd
app
 of 8.0 ± 0.5 µM was determined. (C)  Titration of N2OR (18 µM), with 10 % of “CuZ 
center” as CuZ*(4Cu1S) with NO. (D) Dependence of spectra differences at 550 nm. Data were fitted to a 
one binding site equation and a Kd
app
 of 25 ± 1µM was determined. The arrows indicate spectral changes with 
the incubation time and the asterisk marks the appearance of a new band at 620 nm. 
 
As no major perturbation was detected in the CuA center features, the absorbance difference at 
550 nm was plotted as a function of NO concentration (Figure 6.17D). One binding site equation 
was used for the fitting, and an apparent binding constant of 25 ± 1 µM was estimated.  
Our results indicate that NO is able to interact with both forms of “CuZ center” of N2OR, which is 
in accordance with previously reported findings in P. stutzeri N2OR 
172
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this molecule for the CuZ*(4Cu1S) center is 3-times higher relative to the other form of “CuZ 
center”, which is probably due to the availability of a labile coordinating position between CuI and 
CuIV on CuZ*(4Cu1S) center. 
A sample of reduced N2OR, with 10 % of “CuZ center” as CuZ*(4Cu1S) was also titrated with NO 
at similar concentrations as the other NO titrations. A small decrease in the absorbance intensity at 
660 nm was observed (Figure 6.18A). Although such small variations are difficult to fit, a Kd
app
 of 
25 ± 2 µM was estimated, which is identical to the one determined with oxidized CuZ(4Cu2S). 
These results indicating that NO affinity for the CuZ(4Cu2S) do not depend on the oxidation state 
of the center (Figure 6.18B).  
 
Figure 6.18 – Titration of N2OR with NO, in the range 0 – 70 µM, followed by visible spectroscopy. (A) 
Titration of reduced N2OR (18 µM), with 10 % of “CuZ center” as CuZ*(4Cu1S) with NO. (B) Dependence 
of spectra differences at 660 nm. Data were fitted to a one binding site equation and a Kd
app
 of 25 ± 2 µM was 
estimated. The arrows indicate spectral changes with the incubation time. 
 
The effect of NO binding was also investigated as a function of time. The visible spectra of N2OR, 
with 80 % of “CuZ center” as CuZ*(4Cu1S) in the presence of a 2.5-fold excess of NO was 
monitored for 48 h (Figure 6.19A). The main effects were detected at the CuA center features and 
no changes in the absorbance at 640 nm were observed. However, note that in this experiment only 
a small excess of NO over the protein was used.  
Copper per protein (monomer) ratio was determined before (4.4 ± 0.2) and after 48 h of NO 
incubation (4.4 ± 0.1), showing that there were no copper losses after the reactivity of NO with this 
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Figure 6.19 – Effect of nitric oxide (2.5-fold excess) on the visible spectra of 16 µM N2OR, with 80 % of 
“CuZ center” as CuZ*(4Cu1S). (A) Changes in the visible spectra after 0, 3, 5, 8, 23 and 48 h. The arrow 
indicates the changes in the spectra with increasing incubation time. (B) The visible spectra of purified N2OR 
(black), NO-incubated during 48 h (green), reduction of inhibited N2OR by sodium dithionite (blue) and 
oxidation of inhibited N2OR (red) are represented, being the absorbance corrected for the concentration of 
protein by modified Lowry method. 
 
Oxidation and reduction of the NO-N2OR complex were performed and the excess of reducing 
agents were removed by washing the sample 3 times with buffer. The results show that the 
perturbations observed during the incubation time, in the presence of 40 µM of NO, are reversible 
as the re-oxidation of the complex formed has a very similar spectrum as the initial oxidized N2OR 
(Figure 6.19B). In addition, upon sodium dithionite reduction of NO-complex a band with a 
maximum at 640 nm was observed, indicating that CuZ*(4Cu1S) is intact under these conditions 
and no other species were formed (Figure 6.19B).  
These results are in line with the EPR studies reported, as a new species was only observed in the 
presence of a high concentrations of NO 
130
. 
Preliminary studies on the effect of this molecule on the specific activity of the enzyme suggested 
an inhibition, as the specific activity decreases, however further studies to determine the inhibition 
mechanism and also a Ki are needed. 
 
6.5 Effect of EGTA, calcium and sulfide addition on the specific activity of N2OR 
The influence of EGTA, calcium and sulfide were tested on the enzymatic activity of N2OR. N2OR, 
with 50 % of “CuZ center” as CuZ*(4Cu1S), was incubated anaerobically for 5 h with 2 mM of 
calcium chloride or 6 h with 2 mM EGTA, followed by reduction in the presence of reduced 
methyl viologen. While the sample incubated with calcium retained 61 % of its initial activity, 
EGTA treated N2OR retained only 15 %. In fact, previous assays in the presence of EGTA also 
reported copper loss 
89
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activity, however at the concentrations used only small differences in the spectrum were observed 
(data not shown). 
Effect of sulfide on the enzymatic activity was also investigated through activation of N2OR with 
reduced methyl viologen followed by incubation of the enzyme with equimolar amount of Na2S, as 
well as 10 and 100 fold-excess of Na2S, during 250 min (Figure 6.20). Our results showed that 
neither the amount of sulfide used nor the incubation time caused changes in the specific activity of 
the enzyme. Moreover, incubation of N2OR with 100-fold excess of Na2S before activation of the 
enzyme also does not seem to affect its specific activity. These results are in accordance with 
similar effects reported for P. denitrificans N2OR treated with other sulfur-directed compounds 
(such as DTT and 2-Mercaptoethanol), in which it was reported a lack of effect on N2OR 
89
. 
Indeed, we can postulate that sulfur compounds are not very reactive with CuZ*(4Cu1S) center and 
the use of sulfide to convert CuZ*(4Cu1S) in CuZ(4Cu2S) can be a very challenging reaction. 
 
Figure 6.20 – Effect of sulfide on the enzymatic activity of N2OR, with 50 % of “CuZ center” as 
CuZ*(4Cu1S). Different N2OR:Na2S ratios were investigated: 1:1 (filled circles), 1:10 (open circles) and 
1:100 (filled triangles). 
 
6.6 Conclusions 
In this Chapter we have studied the binding of small molecules and their effects on N2OR. The 
reactivity of some of them towards N2OR was identified in previous studies, and our results and 
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Table 6.4 – Summary of the effects of exogenous ligands on N2OR. The different oxidation states of the four 
copper atoms in the “CuZ center” are presented together with their spectroscopic features. 









 Decrease at 540 and 630 nm,  


































 Vanishing at 480 and 540 nm, 
new weak band at 640 nm 
































 NO Decrease at 550 nm, increase 
at 640 nm, new band at 345 
nm 
Loss of hyperfine lines, 
g║ = 2.25 ; g┴ = 2.05,  









 NO Decrease at 550 nm, increase 
at 640 nm 











 H2O2 Transient species, decrease of 
640 nm  











































































 CO Decrease at 540 nm, new band 
at 660 nm 


















 Adduct formation at 650 nm Two lines at lower field 




Note: Oxidation states marked with (*) correspond to “CuZ center” as CuZ*(4Cu1S). 
 
Some of these ligands exhibited interesting properties and the formation of new species with the 
active site was probably due to a ligand-metal complex formation. 
Comparison between binding of halides to N2OR was reported here for the first time. The reactivity 
of these small ions of the 17 group of the periodic table (fluoride, chloride, bromide and iodide) to 
different forms of N2OR was investigated and our results indicate that their binding cannot be 
simply explained by the size of the anion. Furthermore, all the apparent binding constants 
determined for halides interaction with N2OR were in the mM range, evidencing a low affinity, 
independent of the form of the “CuZ center” of N2OR. From the four halides tested, iodide 
presented the most interesting effect since it was the only one that clearly showed the formation of 
a new species. This blue adduct was observed with CuZ(4Cu2S) and CuZ*(4Cu1S) forms of the 
active site, having very similar spectroscopic properties. Furthermore, the thermostability studies 
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exhibited similar denaturation temperatures not only between different forms of the enzyme but 
also in the iodide incubated samples. Such observations lead us to hypothesize a possible 
displacement of sulfur in CuZ(4Cu2S) by iodide binding, though activity of the enzyme does not 
seem to be affected.  
Incubation of N2OR with cyanide and azide exhibits an identical effect on the copper centers, as 
they caused the complete destruction of the center, and thus the mode of action of these molecules 
is not relevant for the substrate binding mechanism. 
Nitric oxide, on the other hand, is more analogous to the substrate of the enzyme, which is in 
accordance with the apparent binding constants determined, that evidenced a high affinity of this 
molecule to the tetranuclear copper site. Indeed, the Kd
app
 determined (8.0 ± 0.5 µM), for a N2OR 
with 50 % of “CuZ center” as CuZ*(4Cu1S), is about 5000-times lower than iodide binding 
(Kd
app
 = 40 ± 2 mM). Prospective studies of the influence of this molecule on the specific activity of 





































































































Conclusions and Future Perspectives       
 
 
 195  
7 Conclusions and Future Perspectives 
For decades, N2OR has been studied not only because of its essential and almost exclusive 
biological role in N2O detoxification, but also due to its unique and complex catalytic center, 
making this project extremely challenging in the field of bioinorganic. 
The work described in this thesis focused on the effect of pH on denitrification pathway and on 
isolated N2OR, as well as on insights into the reactivity of the catalytic site of N2OR. The main 
aims were to understand the environmental acidification linked to N2O emissions and to clarify the 
catalytic mechanism of N2OR during the reduction of its substrate, nitrous oxide.  
Precious information relative to the denitrification pathway on the model organism 
M. hydrocarbonoclasticus was addressed through genome analysis, which showed that genes 
encoding to catalytic subunits of the denitrification enzymes, as well as accessory genes encoding 
proteins involved in the maturation of the enzymes are clustered together, which is uncommonly 
observed in denitrifiers.  
The effect of pH on the denitrification pathway of M. hydrocarbonoclasticus was elucidated 
through controlled growth performed in a bioreactor (pH 6.5, 7.5 and 8.5). Under these different 
growth conditions transcriptomic analysis of denitrification genes was performed, showing that at 
low pH nirS gene expression, encoding cd1NiR, was affected. Low cd1NiR production, caused by 
acidic pH, explains the high nitrite levels that remained in the medium throughout the growth.  
In addition, the ability of the whole-cells to reduce external NO and N2O was analyzed at different 
pH values. The reduction rates profile observed at low pH was quite interesting as even though 
nitrite was not totally consumed at this acidic pH values, possibly as a consequence of low nirS 
expression and also nitrite reductase inactivation, NO was probably chemically produced as there 
was induction of nor genes. However, the whole-cells grown at more acidic pH were not able to 
reduced external N2O. 
Although several aspects are still not completely understood, it was clear that complete 
denitrification is affected at low pH and this can explain the high levels of N2O observed in soils 
and aquatic systems when a drop in pH occurs 
281, 282
. 
In parallel, N2OR was isolated from growths at each pH condition, and despite the lower yield of 
purified protein from the acidic growth, relative to the other growths under microaerobic 
conditions, it is remarkable that the isolated N2OR presents “CuZ center” mainly as CuZ*(4Cu1S), 
which has a high specific activity after activation. By opposition, from more neutral growth 
conditions, N2OR was isolated with “CuZ center” mainly as CuZ(4Cu2S), which is a form of the 
enzyme with a very low specific activity in vitro, and up-to-now no activation mechanism has been 
identified. Growth conditions and purification strategies were established and constitute important 
advances in obtaining more homogeneous N2OR preparations. 
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Interestingly, N2OR isolated from these different growth conditions evidenced differences in the 
kinetic reactivity with the redox physiological electron donor, cytochrome c552 as we demonstrated 
that N2O catalysis mediated through this electron donor is faster for the N2OR with “CuZ center” 
mainly as CuZ*(4Cu1S) in its fully reduced state than using the reduced form of the CuZ(4Cu2S). 
These results also show that cytochrome c552 mediated reduction of N2O in vitro does not justify the 
reduction rate of external N2O by the whole-cells. This provided clues for the existence in vivo of 
an additional still unknown mechanism involving other proteins in the activation of N2OR or even 
the formation of a supramolecular complex, as observed in P. aeruginosa 
180
, in the catalysis of 
N2O.  
In Chapter 4, the structural characterization and the redox behavior of both forms of the “CuZ 
center”, CuZ*(4Cu1S) and CuZ(4Cu2S) were reported. 
One of the challenges of this thesis was to obtain structural information of the different forms of 
the enzyme. In fact, progress from the only deposited structure of N2OR from 
M. hydrocarbonoclasticus 
126
 was made and two additional structures were successfully obtained. 
These structures differ in their “CuZ center”, with one having mainly CuZ*(4Cu1S) and solved at 
2.4 Å, while the other presents CuZ(4Cu2S) in the reduced form and was solved at 1.9 Å. 
Comparison between these structures clearly evidenced a well-fitted second sulfur on the “CuZ 
center” of the higher resolution structure, similar to the previously reported P. stutzeri N2OR 
structure, with “CuZ center” mainly as CuZ(4Cu2S) 
152
. 
Another aspect of the dissimilarities between both forms of “CuZ center” lies on their completely 
different redox behavior, which was studied here through potentiometric and electrochemical 
methods. Reduction potentials of + 272 ± 10 mV and + 65 ± 10 mV vs SHE were determined by 
potentiometry for CuA and CuZ(4Cu2S) centers, respectively, at pH 7.6. The pH dependence on 
CuA center reduction potential indicates coupling of protonation to reduction behavior. A different 
behavior is observed for the CuZ(4Cu2S) reduction potential with pH, as a hysteresis was observed 
(except for the potentiometric titration performed at pH 7.6). The reduction potentials of the 




 coupled transfer mechanism, while in the 
oxidative direction no changes  were observed on the reduction potential between pH 6.5 and 
pH 9.0 (~ 60 mV), which can be due to the presence of ionizable groups on the vicinity of “CuZ 
center”, K447 that stabilizes the thiolate edge ligand in the reduced form and at low pH it is 
proposed that protonation of a histidine side chain that coordinates one of the copper atoms of 
“CuZ center” influences its redox properties.  
Direct electrochemistry was used for the first time to characterize N2OR. Two signals were 
detected at E°’ = 385 ± 5 mV and E = + 70 ± 6 mV (vs SHE, at pH 7.0), and assigned to CuA and 
CuZ(4Cu2S) centers, respectively, although a slightly deviation relative to the potentiometric 
results was observed for the reduction potential of the CuA center. The pH dependence of reduction 
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coupled mechanism for both centers.  
The reactivity of N2OR with exogenous ligands that usually can form complexes with other copper 
proteins was described in Chapter 6.  
The titration of N2OR with different halides proved that not all the ligands are able to interact with 
“CuZ center” and the most interesting effects on the visible spectrum were observed by iodide 
binding, which showed higher affinity for the reduced state of CuZ(4Cu2S) (Kd
app
 = 20 ± 2 mM). 
Interestingly, the spectra of iodide interacting with N2OR, independently of the oxidation state of 
the centers, exhibited the formation of a blue adduct. 
The first thermal stability of the holo-N2OR was reported here, with two transitions being observed 
with a Tm of 51 ºC and 58 ºC, which did not show variation in the presence of 500-fold excess of 
potassium iodide. 
The action of cyanide and azide ions towards the enzyme proved that copper centers were 
destroyed in their presence.  
Another interesting effect was observed in the presence of nitric oxide. This ligand has a high 
affinity for the resting CuZ*(4Cu1S), with a Kd
app
 of 8.0 ± 0.5 µM being estimated. As proved, this 
ligand did not induce destruction of the copper centers and a promising NO-inhibited complex 
might be formed. 
In Chapter 5, the catalytic mechanism of N2OR was reviewed based on the current knowledge of 
the intervening species. The catalytically competent intermediate species, CuZº, observed from the 
direct reaction of the enzyme with a stoichiometric amount of N2O was recently spectroscopically 
characterized and here its behavior with pH was established. At pH ˃ 9.5 CuZ° is not formed, 
which we assigned to be due to K447 deprotonation, essential to stabilize CuZ° species. On the 
contrary, CuZ° decay is not pH dependent indicating that the species formed is most probably not 
stabilized by the nearby lysine. 
In this study, it is reported for the first time the formation of CuZ', an intermediate species obtained 
upon oxidation of fully reduced CuZ*(4Cu1S) when low amounts of N2O are present. This CuZ' 





oxidation state, which cannot be easily oxidized or reduced. Although CuZ' species is not part of 
the catalytic cycle its formation opens new questions regarding its role. 
Important new insights into the catalytic cycle were attained, as we proved that reduction of CuZº 
species to the fully reduced state [4Cu
1+
] by sodium ascorbate occurs through IET from CuA 
center. This electron transfer occurs at a rate 10
4 
faster than IET in the bimolecular reduction of 
CuA center in a N2OR with “CuZ center” mainly as CuZ*(4Cu1S). The result obtained evidenced 
that an electron donor with a more positive reduction potential (in comparison to methyl viologen, 
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which reduction potential is most probably unattainable in the M. hydrocarbonoclasticus 
periplasm) is able to reduce CuZ° species, strengthening the relevance of the proposed mechanism. 
 
Progresses in the understanding of denitrification pathway and the mechanism of the enzyme have 
been accomplished. Since there are some aspects that remain to be unravelled and are fundamental 
to be addressed, our future perspectives relative to this work are expressed below. 
 
Future Perspectives 
At the physiological level, many questions still remain to be answered such as: 
i) Why is the reduction of N2O by whole-cells affected by a slight drop of the pH?;  
ii) Why the enzyme isolated from growths performed at low pH exhibits higher specific 
activity in vitro?;  
iii) Which molecular mechanism in the cell is affected by pH to induce the formation of 
CuZ*(4Cu1S) as the main form of “CuZ center” in the isolated enzyme?  
It is imperative to address these questions to better understand the role of the different forms of the 
enzyme and their catalytic mechanisms.  
In the future, it would be interesting to test the activity of the enzyme containing “CuZ center” as 
CuZ(4Cu2S) in the presence of other proteins of the nos cluster. A more comprehensive proteomic 
study involving the periplasmic proteins and their identification by mass spectrometry, could 
provide a detailed analysis of the possible formation of a complex at more neutral pH values. 
New electrochemical approaches, as the deposition of protein on self-assembled monolayers, might 
be fundamental for the determination of CuZ*(4Cu1S) potential, that until now has been difficult to 
be accomplished. The reduction potential of CuZº must also be determined, since we preview a 
positive potential for this form and in fact this species might have relevance in vivo.  
Several aspects regarding the catalysis in vivo remain unanswered and several studies are still 
needed to understand the mechanism of reactivity of CuZ(4Cu2S) with N2O, as the physiologic 
relevance of this form was pointed out. Up-to-now no activation mechanism for this form of the 
enzyme has been proposed, thus we hypothesized that this is a protective form of the enzyme and a 
displacement of the sulfur might be required for N2O binding. In the future, it is imperative to 
explore the mechanism involved in CuZ(4Cu2S) activation, through spectroscopic and kinetic 
techniques. 
Further studies on the kinetic interaction of N2OR with nitric oxide are essential to understand if 
the inhibition occurs and identify the type of inhibition. Pressurization of different forms of crystals 
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Supplementary Information 
 
S1. Score of the alignments of NarL, FNR and IHF motifs. 
 
Table S1.1 – NarL, FNR and IHF putative nucleotide motifs in the promoter regions of denitrification gene 
clusters of M. hydrocarbonoclasticus. PRODORIC database was used to identify the sequences. 
PWM (species) Promotor region  Sequence Score 
NarL | Pseudomonas aeruginosa 
(strain ATCC 15692 / PAO1) / 
Maximum score:5.63 
narK TACCTCC 5.12 
narGHJV TGCTTCT 5.29 
narGHJV TGCTGCT 4.92 
Fnr | Escherichia coli (strain K12) / 
Maximum score: 8.93 
   
narK TTGAGGATAGTCAA 7.14 
narGHJV TTGATCCCACACAA  7.04 
narXL  TTGACTATCCTCAA 7.92 
nirCF TTAATCAATATCAA 7.08 
nirSDLGHJEN TTGATATTGATTAA 7.30 
norCB3055DEF TTGATAATCATCAA 8.47 
 nosR TTGATTTTCCTCAA 8.16 
 dnr TTGAGCTAAGTCAA 7.27 
IHF | Escherichia coli (strain K12) 
Maximum score: 7.67 narK CCCCAATGGTTTATAA 6.39 


















S2. Analysis of pI and molecular mass of proteins encoded by the nos gene cluster or 
proposed to be the accessory proteins of N2OR 
 
Table S2.1 – Parameters (molecular mass and pI) of proteins encoding by the nos cluster. 
Protein Location MM (kDa) pI 
NosL 
periplasm (attached to the outer 
membrane) 
19.3 4.5 
NosY membrane 24.3 5.0 
NosF cytoplasm 33.6 6.5 
NosD periplasm 44.4 4.9 
N2OR periplasm 65.0 5.4 
NosR membrane 70.4 5.7 
ApbE 
(MARHY1380) 
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S3. EPR spectrum of as-isolated M. hydrocarbonoclasticus N2OR  
 
Figure S3.1 – X-band EPR spectra of as-isolated M. hydrocarbonoclasticus N2OR from growths performed 
at different pH values: (A) N2ORpH8.5, (B) N2ORpH7.5 and (C) N2ORpH6.5. The instrument settings for the data 

























S4. Behavior of the redox potential of CuZ(4Cu2S)  
 
Figure S4.1 – Molar fraction of the four microstates of CuZ(4Cu2S) at pH 6.5, 7.6 and 9.0 (indicated in each 
panel). The curves were simulated considering one reduction potential (E = 67 mV), pKox = 3 and pKred = 11. 
Solid and dashed lines indicate the deprotonated and protonated microstates, respectively. P0 and P0H 
represent the oxidized and oxidized protonated microstates and P1 and P1H represent the reduced and reduced 
protonated microstates.  
 
 
Figure S4.2 – Molar fraction of the four microstates of CuZ(4Cu2S) at pH 6.5, 7.6 and 9.0 (indicated in each 
panel). The curves were simulated considering one reduction potential (E = 67 mV), pKox = 6 and pKred = 9.2. 
Solid and dashed lines indicate the deprotonated and protonated microstates, respectively. P0 and P0H 
represent the oxidized and oxidized protonated microstates and P1 and P1H represent the reduced and reduced 
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Figure S4.3 – pH dependence of the reduction potential of CuZ(4Cu2S). Data obtained for the reductive 
titration performed at pH 6.5, 7.6 and 9.0 (filled circles) were fitted to Equation S4.1, using pKox = 6 and 
pKred = 9.3 and Elp = 160 mV. The reductive titrations performed at pH 10.2 and 10.4 (open circles) are also 
represented. 
 
The pH dependence with the reduction potential of CuZ(4Cu2S) was defined by two pK values, 
being the data fitted to the Equation S4.1. 
                                                        
     
  
     (
   
    
[  ]
 
   
   
[  ]
 
)                                       (Eq S4.1) 
 
Where, E is the measured reduction potential,     is the reduction potential at low pH (fully 
protonated form), and Kox and Kred are the proton dissociation constants of the oxidized and reduced 
forms, respectively.  
 
The pH dependence on the redox potential is given by the Nernst equation (Equation S4.2):  
                                                                        
       
       
                                                   (Eq S4.2) 
The macroscopic stages are connected by one electron redox process, which can be described by a 
Nernst equation for each microstate (Equations S4.3 – S4.7): 
                                                                     (Eq S4.3) 
P0 and P0H represent the oxidized and oxidized protonated microstates and P1 and P1H represent 
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Figure S4.4 – Superposition of the amino acids residues at 5 Å from CuZ(4Cu2S) center. The 
M. hydrocarbonoclasticus N2OR crystallized at pH 9.5 in a reduced state is colored in blue and the P. stutzeri 
N2OR crystallized at pH 7.0 in the oxidized state is colored in grey. Copper atoms are represented as spheres, 
being colored according to the structure and the sulfur atoms are represented as yellow spheres. Residues are 
numbered according to primary sequence. Figure prepared with Pymol, using the structure obtained for 
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S5. Formation and decay of CuZº at different pH values 
 
Figure S5.1 – Fittings of normalized time dependence of the decay of CuZº monitored at 683 nm at (A) pH 
6.0, (B) 7.6, (C) 8.5, (D) 9.5 and (E) 9.7. Data (A-D) were fitted to single exponential, using the following 
parameters: (A) [N2OR] = 19 µM; [N2O] = 19 µM; kformation = 200 s
-1






= 0.986; (B) 
[N2OR] = 22 µM; [N2O] = 19 µM; kformation = 200 s
-1






= 0.873; (C) [N2OR] = 19 µM; 
[N2O] = 19 µM; kformation = 200 s
-1






= 0.871; (D) [N2OR] = 15 µM; [N2O]  = 20 µM; 
kformation = 200 s
-1






= 0.699; (E) [N2OR] = 19 µM; [N2O] = 19 µM. The enzyme 








































































































Figure S5.2 – Fittings of normalized time dependence of the formation of CuZ' intermediate species 
monitored at 614 nm at (A) pH 6.0, (B) 7.6, (C) 8.5, (D) 9.5, (E) 9.7 and (F) 10.0. Data were fitted using the 
equation A = 1- e
-kt
. The best fit were obtained using the following parameters: (A) [N2OR] = 19 µM; 






= 0.645; (B) [N2OR] = 22 µM; [N2O] = 19 µM; 












= 0.751; (D) [N2OR] = 15 






= 0.636; (E) [N2OR] = 19 µM; [N2O] = 19 µM; 
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